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ABSTRACT

DNA Damage Recognition and UvrB Loading by UvrA within the Nucleotide Excision Repair Pathway
by
Silas Hartley

Advisor: Dr. David Jeruzalmi

Maintaining the cellular genome is paramount to survival by any organism. A mutated genome
can have detrimental effects on different cellular processes, especially replication and transcription. Cells
maintain their genome using different deoxyribonucleic acid (DNA) repair pathways. The nucleotide
excision repair (NER) pathway has a unique capability of repairing the genome from several different
mutations, deletions, and adducts. In bacteria, the NER pathway accomplishes repair through four
important steps: damage recognition by UvrA, damage verification by UvrB, DNA incision by UvrC, and
repair synthesis using various cellular machinery.
UvrA forms a head-to-head dimer (UvrA2) with two ATPase sites per monomer, named the
proximal and distal sites. Prior work has suggested that UvrA performs DNA damage verification through
a DNA-helix sensing mechanism. When damage is encountered, UvrA is unable to close around the
DNA, thereby signaling that damage is present. Once damage is sensed by UvrA, UvrB is loaded in an
adenosine triphosphate (ATP) dependent process. Structural and biochemical evidence has suggested
that DNA can be interrogated through a UvrA2 complex with a UvrB bound to either monomer. Other
biochemical studies have determined that UvrB rarely complexes with UvrA in solution. However, given a
lack of evidence into this helix-sensing mechanism, more investigation is warranted to gain a full
understanding into the UvrA-DNA damage sensing mechanism.
Presented here are several structural studies resulting in new UvrA structures, a truncated
structure featuring the highest resolution to date, the first solution-based apo-UvrA2 structure from cryoelectron microscopy, a cryo-electron microscopy UvrA2UvrB2 structure, a first solution-based UvrA2damaged DNA structure, and several nuclear magnetic resonance (NMR) spectra, which allows analysis
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of ATPase sites effects on UvrA in solution. Structural studies were further informed by mass
spectrometry, ATPase, and binding studies.
The new crystal structure gives an intermediate view of a β-hairpin. Biochemical work has
implicated a rotation in the β-hairpin in DNA damage verification. The high-resolution state of this new
structure allows an examination into the ATPase sites. However, evidence from our novel cryo-electron
microscopy structures suggests that the movements within the β-hairpin are far more minute. Moreover,
our novel structures demonstrate that the β-hairpin interacts with a loop that has direct interaction with the
center of the DNA duplex, rather than the DNA itself. Therefore, the loop has a secondary role in the DNA
sensing mechanism rather than a primary role.
Our mass spectrometry data indicated that UvrB was rarely bound to UvrA whether ATP or DNA
was present in solution. However, multiple methods have demonstrated that UvrA and UvrB do interact.
Both the novel UvrA2UvrB2 and UvrA2 structures presented a caving-in of the insertion domains into the
DNA binding cavity. The caving-in indicates that any DNA entering the binding cavity would require the
insertion domains to rotate in to accept the DNA into the binding cavity. Further, the UvrA 2UvrB2
demonstrates a complete collapse of the insertion domain. The insertion domain collapse in the
UvrA2UvrB2 structure is postulated to be key for the one-dimensional search that UvrA2UvrB2 does along
DNA, versus the three-dimensional search that UvrA2 does.
Finally, we present the first solution based UvrA structure bound to DNA. The structure indicates
a loop under the damaged area that has a key function in detecting the damaged area, designated as the
DNA-damage sensing loop. Additionally, the loop is coordinated by the β-hairpin of the third zinc module
and is supported by a helix. Finally, the structure yielded clues into UvrB loading. Specifically, one UvrB
binding domain rotates such that UvrB would be forced against the DNA in the case of the UvrB that
would travel along the undamaged strand based off it 5’ to 3’ helicase activity. The second UvrB binding
domain is rotated in such a way that UvrB would bind to UvrA high above the DNA and the UvrA dimer.
The second UvrB would travel along the damaged DNA, but would require the collapse of the UvrA dimer
or another pulling type motion to bring UvrB to the DNA duplex.
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CHAPTER ONE
Introduction
1.1.

The delicate equilibrium of DNA

1.1.1.

The structure of DNA
Deoxyribonucleic acid (DNA) is formed from four bases: adenine, thymine, guanine, and cytosine.

Watson-Crick base pairing is achieved when adenine and thymine interact via two hydrogen bonds and
guanine and cytosine form three hydrogen. Watson-Crick base pairing, which includes base stacking
throughout the DNA duplex, results in a double-stranded DNA structure that almost always forms a righthanded helix, known as B-form DNA. A less common right-handed helix, known as A-form DNA is
possible. Additionally, a left-handed can be occasionally encountered, known as Z-DNA, and even triple
stranded helices are possible, especially during translation, known as H-DNA (Figure 1.1).
DNA can form long complex structures. The genome in eukaryotes and bacteria is several million
base pairs long and the bacterial genome has a circular structure. Within eukaryotes, DNA is further
complexed with proteins to form chromatin using proteins called histones. Within bacteria, DNA is also
further complexed into chromatin-like structures, using proteins similar to histones. Despite the strength of
DNA in its structure, it is a fragile molecule with the potential to be damaged by a plethora of factors.

1.1.2.

The genome must be maintained
DNA is the basic unit of inheritance and functions as the information repository of the cell;

therefore, preserving genomic sequences is important for the perpetuation of life. Without maintaining the
genome, there would be detrimental effects on the cell from replication and transcription. Several
extracellular and intracellular factors can cause DNA damage, including water and reactive oxygen
species. Replication is accomplished by DNA polymerases and is typically completed during the synthesis
phase of the cellular cycle. DNA replication is important for mitosis, where one set of genomic DNA goes
to a daughter cell. Genomic errors can thereby be passed generation to generation amongst cells, if
fortunate enough to survive.
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Figure 1.1: Forms of DNA. A-form (Protein data bank [PDB]: 5CH0), B-form (PDB: 1BNA), and Z-form
(PDB: 4OCB) of DNA shown from left to right respectively. For each type of DNA, a side cartoon view is
shown on the top and a top-down cartoon view of the structures on the bottom (Drew et al., 1981; Z. Luo,
Dauter, & Dauter, 2014; Sheng, 2016). Figure generated using (“The PyMOL Molecular Graphics
System,” 2015).

Additionally, errors within the genome can cause misfolding, loss-of-function, and even gain-offunction within proteins. Therefore, during transcription, it is important to maintain nearly all cellular
functions. These errors can be detrimental and lead to senescence or apoptosis. Therefore, the cell must
maintain genome integrity and fidelity, which is accomplished using DNA repair methodologies. Genome
maintenance is an especially daunting task, as there are a multitude of possible causes for DNA damage
that will result in cell-cycle arrest or apoptosis (Figure 1.2A). The cellular response to DNA damage is to

2

activate the DNA Damage Response (DDR) pathway (Chatterjee & Walker, 2017). In eukaryotes, the
DDR is activated through either the protein kinase ataxia-telangiectasia (ATM)/ Ataxia-telangiectasia and
Rad3-related (ATR) pathways or the SOS pathway in bacteria (Figures 1.2B and 1.2C). Defects in the
DDR are detrimental for both eukaryotic and bacterial cells. Therefore, understanding how the genome is
maintained by examining different bacterial genomic repair pathways is crucial.

Figure 1.2: DNA damage response pathways. Once damages are encountered, different cellular
pathways dependent on the type of damage and type of cell. (A) Demonstrated are possible responses
from a variety of systems. Source: (“DNA Damage Response: R&D Systems,” 2003). (B) A eukaryotic
DDR. Source: (C. Li & Wong, 2019). (C) A bacteria DDR.
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1.2.

The DNA damage response pathways

1.2.1.

The SOS system and the bacterial DNA damage response
For bacterial cells to survive attacks from factors that could cause DNA damage, the repair genes

must be part of the SOS response. One DNA damage pathway essential to cellular survival is the
nucleotide excision repair (NER) pathway. The primary proteins of the bacterial NER pathway are UvrA,
UvrB, and UvrC. During DNA damage events or oxidative stress, the cellular SOS, a conserved
mechanism where two proteins, LexA and RexA, control expression levels (Figure 1.3). Upon normal
cellular conditions, LexA suppresses DNA repair genes. However, once DNA damage occurs, RecA
binds to the damaged, single-stranded DNA, and once forming a filament, RecA induces the cleavage of
LexA in an adenosine triphosphate (ATP) dependent process, removing the repressor from UvrA and
UvrB genes (Figure 1.3) (Petit & Sancar, 1999; B. T. Smith, Grossman, & Walker, 2002; Ulrich et al.,
2013).
An additional role for RecA was discovered, where, when both DNA strands are damaged by two
opposing nearby regions, RecA can facilitate the exchange of NER proteins to the second DNA damage
(Gordienko & Rupp, 1998). Curiously, UvrC does not appear to be under the SOS response regulation
(Petit & Sancar, 1999; Bennett Van Houten, Croteau, DellaVecchia, Wang, & Kisker, 2005). Additional
activators exist to ensure NER protein expression, such as SigR’s role in inducing UvrA and UvrD
expression (Kim et al., 2012).
Under SOS response conditions, UvrA is increased from 20-25 copies per cell to 200-250 copies
per cell primarily in the nucleoid bound to the chromosome, while UvrB is increased from about 250 to
1000 copies per cell (B. T. Smith et al., 2002; Bennett Van Houten et al., 2005). Interestingly, when cells
are irradiated, DNA with 6-4 photoproducts are recruited to the membrane along with transcription and
repair proteins (C. G. Lin, Kovalsky, & Grossman, 1997). Recruitment of DNA to the membrane is
dependent on uvrA, uvrC, and recA gene products (C. G. Lin et al., 1997)
After damages are repaired and the SOS response is suppressed, NER proteins need to return to
basal levels. UvrA is targeted for degradation by ClpXP when UvrA2 is bound to undamaged DNA and,
interestingly, given its role in the NER pathway, Mfd enhances UvrA degradation (Pruteanu & Baker,
2009). Keeping control of UvrA levels is important, as the NER system is capable of excising undamaged
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Figure 1.3: The bacterial SOS system. (A) The SOS system is off. LexA is repressing DNA repair and
SOS functional genes along with RecA. (B) The cascade of events leading to the activation of the SOS
system is demonstrated. DNA becomes damaged, leading to RecA activation by several RecA proteins
binding to ssDNA. Activated RecA cleaves the LexA repressor and a “signal” also activates RecA. (C)
The activated RexA cleaves LexA, leading to the activation of several DNA repair genes, which includes
UvrA and UvrC. (D) The cascade of events leading to the deactivation of the SOS system is
demonstrated. The DNA is repaired, leading to a decrease in signal and activated RecA. LexA repressor
begins to accumulate leading to re-deactivation of the SOS genes. Source: (Golais, Hollý, & Vítkovská,
2013).
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DNA, and could be a source of mutation (Branum, Reardon, & Sancar, 2001; Caron & Grossman, 1988;
Hasegawa, Yoshiyama, & Maki, 2008; Pruteanu & Baker, 2009).

1.2.2.

An introduction to DNA repair pathways
There are several DNA damage repair pathways responsible for maintaining the bacterial

genome. These include mismatch repair (MMR), base excision repair (BER), NER, interstrand crosslink
repair (ICR), homologous recombination repair, direct reversal, single strand annealing, and
nonhomologous end joining (Table 1.1). These repair pathways cover many DNA damage types and are
assigned to repair different damages based off their functions. If the damage is uncorrected, common
outcomes include diseases, such as cancer, or apoptosis. However, NER has been shown to detect a
plethora of damages and can repair a multitude of DNA damage types despite its limited assignment to
bulky adducts and DNA crosslinks caused by UV light and oxygen radicals. The NER pathway requires
vastly more research to understand why defects in NER can have such detrimental effects on cells and
how it can recognize and repair such a plethora of damages.

1.2.3.

The eukaryotic DNA damage response
The DDR in eukaryotes is started by phosphorylation of three proteins: ATM, ATR, and DNA-PK,

followed by a large cascade of protein kinase phosphorylation (Figure 1.4) (Blackford & Jackson, 2017;
Kucherlapati, 2018). ATM is thought to coordinate efforts to repair double-strand breaks (DSBs), while
ATR responds to replication stress (Cimprich & Cortez, 2008; Kurz & Lees-Miller, 2004). Once damage is
sensed, a pathway initiated by ATR leads to cell cycle arrest and is implicated in regulating the NER
pathway (Abraham, 2001; Auclair, Rouget, Affar, & Drobetsky, 2008; Q. Liu et al., 2000; Shell et al., 2009;
X Wu, Shell, Liu, & Zou, 2007). ATR likely participates in NER regulation during S-phase of the cell cycle,
with XPA being a known direct ATR phosphorylation target (Auclair et al., 2008; Z. Li, Musich, Serrano,
Dong, & Zou, 2011; Matsuoka et al., 2007; Xiaoming Wu, Shell, Yang, & Zou, 2006). Indeed, ATR can
phosphorylate serine (S) 196 of XPA, enhancing cellular viability, a function not observed in UvrA, the
bacteria equivalent in the NER pathway (X Wu et al., 2007).
ATM also has a quick response to damages after UV radiation and has been shown to complex
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Table 1.1: Damage response based on damage type. How DNA damages are caused, the types of
damages possible, and the different damage types based off the damage types are described here.
Source: (Chatterjee & Walker, 2017).
DNA damaging agents

Toxins, alkylating agents, base deamination, replication errors,
oxidative damage, electrophiles, ionizing radiation, UV radiation,
crosslinking agents, aromatic compounds, head cold hypoxia

Damaged DNA

Mismatches

Lesions

Bulky lesions

Uracil

Single-strand breaks

Intra-/inter-strand

Abasic sites

Double-strand breaks

crosslinks

Adducts

Single-strand breaks
Double-strand breaks

DNA repair pathways

Mismatch repair

Base excision repair

Nucleotide excision

Base excision repair

Single-strand break

repair

repair

Interstrand crosslink

Double strand break

repair

repair

Single-strand break
repair
Double-strand break
repair
Translesion synthesis

with XPA, suggesting a key role for XPA in the ATM DDR (Ray, Blevins, Wani, & Wani, 2016). These
signaling cascades are just part of the story, though, as NER is associated with several other known
cellular regulators, such as p53 (Petit & Sancar, 1999). Finally, similar to the bacterial equivalent, XPA is
subject to degradation, to maintain proper DNA repair enzymes within the cell, by HERC2 targeting XPA
for degradation (Bekker-Jensen et al., 2010; T.-H. Lee, Park, Leem, & Kang, 2014).
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Figure 1.4: The eukaryotic DNA damage response. After sensors sense DSBs, single-strand breaks
(SSBs), or blocks in replication, the signal is sent to ATM or ATR. The signal is mediated by BRCA1
between ATM and ATR. Many proteins within the protein kinase cascade act as mediators until the signal
reaches checkpoint kinase 1 (CHEK1) or checkpoint kinase 2 (CHEK2). Different signals receive such
signals resulting in the up regulation of different DDR genes, including NER genes or other factors
leading to apoptosis. Source: (Kucherlapati, 2018; Nikitaki et al., 2018).
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1.3.

How the NER pathway maintains the genome

1.3.1.

The global genome repair pathway
The NER pathway functions as two separate pathways, the global genome repair (GGR) pathway

and the transcription coupled repair (TCR) pathway. Both pathways use UvrA2 to find the damaged area,
the initial protein UvrB to verify the damaged area and position the damage for UvrC, and UvrC to cleave
the damaged DNA strand.
The GGR pathway begins with a UvrA dimer searching for damaged areas (Figure 1.5). The
method that UvrA2 uses to find damaged areas is under scrutiny. Three possible complexes could search
for genomic damages: UvrA2, UvrA2-UvrB, or a UvrA2UvrB2 complex, and several methods have
confirmed that each complex can exist in solution (Malta, Moolenaar, & Goosen, 2007; Pakotiprapha, Liu,
Verdine, & Jeruzalmi, 2009; Pakotiprapha, Samuels, Shen, Hu, & Jeruzalmi, 2012; Yue Zou & Van
Houten, 1999). However, it is understood that UvrB changes UvrA2’s search mechanism (Kad, Wang,
Kennedy, Warshaw, & Van Houten, 2010).
The GGR pathway uses a “bipartite substrate discrimination” search mechanism, where UvrA2
monitors DNA for deformations, and once a deformation is detected, UvrB is influenced into its helicase
fold and acts as a “close-fitted-sleeve” to confirm the damage exists (Buschta-Hedayat, Buterin, Hess,
Missura, & Naegeli, 1999; Dip, Camenisch, & Naegeli, 2004; Gunz, Hess, & Naegeli, 1996; Hess,
Schwitter, Petretta, Giese, & Naegeli, 1997; Pakotiprapha et al., 2012; Bennett Van Houten et al., 2005).
Although UvrA2 initiates the NER pathway, UvrA is not the rate limiting factor of the NER pathway, instead
it is the 3’ incision (Byungchan Ahn & Grossman, 1996; Y. Zou, Walker, Bassett, Geacintov, & Van
Houten, 1997). In other words, the DNA damage detection step is not the rate limiting step within the NER
pathway (Table 1.2).
If UvrA2 searches for DNA unbound to UvrB, UvrA2 uses a random 3-dimension search
mechanism, binding to DNA for 3-12 seconds, and then releasing the DNA (Richard E. Dickerson & Chiu,
1997; Kad et al., 2010; Stracy et al., 2016; Bennett Van Houten & Kad, 2014). Additionally, UvrA2 could
hop up on and off the distance, hopping distances up to 1.2 µm in quantum dot experiments, before
returning to solution (Kad et al., 2010). Single-molecule results suggest that UvrA2 has two states: a
stably bound state and a slow-moving state, suggesting that UvrA2 can move along DNA to detect
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Figure 1.5: The GGR and TCR NER pathways. GGR begins with random detection of DNA damage,
likely by random sampling. The TCR pathway begins with DNA damage detection complex loading by
Mfd after the RNA polymerase becomes stalled. Both pathways converge when UvrA2 is bound to the
damaged area. UvrB verifies the damaged area, UvrC incises the damaged area, then the damaged
strand is removed and replaced. Source: (Fuss & Cooper, 2006).

damages (Stracy et al., 2016). Single-molecule studies in Escherichia (E.) coli could not detect a
UvrA2UvrBx complex either on DNA or in solution (Stracy et al., 2016). However, quantum dot
experiments could monitor the UvrA2UvrBx complex, which determined that, despite significant altering of
the damage search mechanism, UvrB did not alter the detachment mechanism of UvrA2 (Kad et al.,
2010). UvrB conforms the search mechanism to a 1-dimensional sliding search mechanism (Kad et al.,
2010; Bennett Van Houten & Kad, 2014). However, single-molecule Förster resonance energy transfer
(FRET) studies indicate UvrB rarely complexes with UvrA in vivo (Stracy et al., 2016). It has been
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Table 1.2: Role of proteins in the NER pathway. The different stages of the NER pathway are
described with the proteins responsible for completing each step in both bacteria and eukaryotic cells are
described here.
Stages of the nucleotide

Eukaryotic proteins

Bacterial proteins

XPC-RAD32B, XPE, CSA,

UvrA

excision repair pathway
Detect damage

XAB2, RNA Polymerase II
Verify damage

XPA

UvrB

β-hairpin

XPC

UvrB

Unwind DNA

XPB, XPD

Likely either UvrA or UvrB

Incise damage

XPF-ERCC1, XPG

UvrC

Fill gap

Polymerase δ, κ, and ε

DNA Polymerase II

Ligate gaps

Ligase I, Ligase IIIa

DNA Ligase

suggested that in the UvrA2UvrB2 complex, a single UvrB is wrapped with DNA. Therefore, it could be
possible that the wrapped UvrB molecule uses its helicase activities to initiate a sliding search model
(DellaVecchia et al., 2004; Gordienko & Rupp, 1997; Geri F. Moolenaar, Höglund, & Goosen, 2001; Geri
F. Moolenaar, Schut, & Goosen, 2005; Pakotiprapha et al., 2009; Shi, Thresher, Sancar, & Griffith, 1992;
E. E. A. Verhoeven, Wyman, Moolenaar, & Goosen, 2002; E. E. Verhoeven, Wyman, Moolenaar,
Hoeijmakers, & Goosen, 2001; Hailin Wang et al., 2009). Lastly, it has been indicated that the DNA
binding modes of the UvrA2UvrB2 and the UvrA2UvrB complexes differ from one another (Shi et al., 1992).
Once UvrA2 detects a damaged area, how that information is translated to UvrB and how UvrA 2
completes the loading process remains in question. However, it is well established that UvrB is unable to
load itself to DNA and needs UvrA2, possibly for DNA melting activities as ATPase hydrolysis is required
in both proteins (Barnett & Kad, 2019; Koo, Claassen, Grossman, & Liu, 1991; Pakotiprapha et al., 2012;
Stracy et al., 2016; Thiagalingam & Grossman, 1991; Wagner, Moolenaar, van Noort, & Goosen, 2009;
Yue Zou et al., 2003). However, DNA melting is absolutely required for UvrB loading, where the size of
the melted area depends on the damage type (Yue Zou et al., 2003).
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In the event UvrA2 finds a damaged area, UvrB can then bind to UvrA and be loaded onto the
damaged DNA (Stracy et al., 2016). If a UvrA2UvrB complex is used to detect damages, it calls into
question how the damaged area is detected and how UvrB is loaded onto the correct strand. The
UvrA2UvrB2 complex UvrB loading model suggests that UvrB is loaded onto each DNA strand, and then
uses its 5’ to 3’ helicase activities to localize to the damaged area (Pakotiprapha et al., 2012). The UvrB
that approaches from the 5’ end is the UvrB that is used for continuance of the NER pathway (Geri F.
Moolenaar, Monaco, et al., 2000).
It is unclear how close to the damaged area UvrB is loaded to the DNA; however, UvrB is unable
to bind to double-stranded DNA without UvrA2 and minimally needs 7 base pairs of DNA in the 5’ direction
of the damage (Geri F. Moolenaar, Monaco, et al., 2000; Theis, Chen, Skorvaga, Van Houten, & Kisker,
1999). These findings would suggest UvrB loading occurs minimally 7 base pairs 5’ of the damaged area.
Within the UvrA2UvrB2 structure, UvrB is located at least 16 base pairs from the damaged area
(Pakotiprapha et al., 2012). Current structural results indicate that in the UvrA2UvrB2 complex not bound
to DNA, UvrB is approximately 80 Å from the damaged area, well within the range of the short-helicase
activity of UvrB, around 20-30 base pairs (Gordienko & Rupp, 1997; Koo et al., 1991; Pakotiprapha et al.,
2012). However, helicase activity on both strands towards the damaged area would create significant
torque during the scanning (Webster et al., 2012).
Given that UvrA2UvrB2 uses a 1-dimension scanning mechanism, it does call into question
whether the complex introduces supercoiling. In support of 1-dimensional scanning, experiments have
indicated that both positive and negative supercoils are generated by the UvrA 2UvrBx complex and that
the UvrA2UvrBx complex can act as a helicase (Koo et al., 1991; J. Wang & Grossman, 1993).
Interestingly, results also indicated that strand-displacement by the UvrA2UvrB2 complex is inhibited on
UV treated DNA (Koo et al., 1991). Supercoiling activity of the UvrA2UvrBx complex would indicate that
there is movement along the DNA while searching for DNA and could be a factor in quick dissociation
times of the complex from DNA.
One UvrB loading mechanism suggests that UvrA2 and UvrB, working together, take advantage
of the helical distortion to melt the DNA at the damaged site, allowing UvrB to insert a β-hairpin in
between the two DNA strands (Hailin Wang et al., 2009; Yue Zou & Van Houten, 1999). Other data has
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indicated, however, that significant deformation, bending, and melting are required in the damaged area
(Webster et al., 2012). Additionally, it should be noted that the opening and closing action of the β-hairpin
is slow and would need to be catalyzed by a third-party, such as UvrA2 (Theis et al., 1999). Quantum dot
and DNA tightrope experiments have indicated that UvrB-UvrC complexes, the complex that catalyzes
UvrC’s cleavage of DNA, can self-load onto damaged DNA, although UvrB is incapable of loading itself
onto DNA (Thiagalingam & Grossman, 1993).
As part of loading, UvrA suppresses the autoinhibitory domain of UvrB, domain 4, DNA melting
occurs, and a DNA strand gets tucked into a tight tunnel (Jia et al., 2009; Waters, Eryilmaz, Geddes, &
Barrett, 2006). According to the well-supported steric-gate model, a single strand of DNA is tucked
between a β-hairpin and domain 1b of UvrB, which explains how UvrB probes for damages on a singlestrand (Jia et al., 2009; E. E. A. Verhoeven, Wyman, et al., 2002).
Within the gate, the β-hairpin has significant hydrophobic forces to prevent DNA base-pairing,
with two salt-bridges at the tip (Malta, Moolenaar, & Goosen, 2006; Geri F. Moolenaar et al., 2001; Theis
et al., 1999). The gate this model creates has a tight tunnel where only an undamaged strand can fit,
although the β-hairpin can interact with both damaged and undamaged DNA (DellaVecchia et al., 2004;
Jia et al., 2009; Waters et al., 2006). Once a lesion larger than a natural base is encountered, it cannot
pass through the tunnel, and UvrB becomes “stuck” at the lesioned area (Jia et al., 2009). Additionally,
UvrB uses two separate bases, Y92 and Y93, for base-flipping and base-stacking in its damage detection
mechanism (Geri F. Moolenaar et al., 2001). Essentially, UvrB detects damages indirectly, recognizing
any lesions that distort helicase activity because of size or chemical nature (DellaVecchia et al., 2004;
Theis et al., 1999).
Once at the damaged area, it is possible that UvrB can form a dimer at the damaged area, which
is especially relevant if both UvrB units are loaded by UvrA2. If both UvrB molecules are loaded, that
would implicate UvrB as the protein responsible for distinguishing the two DNA strands as undamaged or
damaged for cleavage (DellaVecchia et al., 2007; Jaciuk, Nowak, Skowronek, Tańska, & Nowotny, 2011;
Geri F. Moolenaar et al., 2005; Hong Wang et al., 2006). A functional role for a UvrB dimer is unclear,
except for the added ability to scan each strand individually (E. E. A. Verhoeven, Wyman, et al., 2002;
Hong Wang et al., 2006). UvrB dimerization is possible in solution, but is largely inhibited by steric
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conflicts in domains 1a, 1b, 2, and 3 (DellaVecchia et al., 2007). Dimerization occurs through an
interaction between coiled-coil motif in domain 4 and a flexible linker in domain 3, (DellaVecchia et al.,
2007; Hong Wang et al., 2006).
Despite the UvrB dimer interface blocking UvrC from binding to its assigned binding site at the Cterminus of UvrB, reports have indicated that a UvrB2-UvrC-DNA complex exists, indicating that an
unknown interaction between these proteins allows for the rejection of the UvrB bound to the incorrect
strand and the loading of UvrC, forming the incision complex (Geri F. Moolenaar et al., 2005; E. E. A.
Verhoeven, Wyman, et al., 2002; Hong Wang et al., 2006). Nucleotide is unnecessary for UvrC binding to
UvrB (Geri F. Moolenaar, Herron, et al., 2000). At this point in the NER pathway, the main idea is that at
least one UvrB protein must be bound to the damaged area and be able to accept the binding of UvrC.
Once UvrB binds to UvrC, with the possible eviction of one UvrB, the UvrB-UvrC-DNA complex is used to
complete the incision, with UvrC completing the two incisions with two separate catalytic sites (Geri F.
Moolenaar, Herron, et al., 2000).
ATP binding to the UvrB-UvrC-DNA complex, induces a conformation, likely a severely kinked
conformation, allows for cleavage on the 3’ end of the damaged area about four or five phosphodiester
bonds away (Gordienko & Rupp, 1998; J. J. Lin, Phillips, Hearst, & Sancar, 1992; Geri F. Moolenaar,
Herron, et al., 2000; Seeley & Grossman, 1990; Shi et al., 1992). After ATP hydrolysis, UvrC is positioned
correctly to complete the 5’ incision approximately 8 phosphodiester bonds away from the damage (Nora
Goosen, 2010; Geri F. Moolenaar, Herron, et al., 2000; Seeley & Grossman, 1990; Hailin Wang et al.,
2009; Jinting Wang, Mueller, & Grossman, 1994). Reports have indicated that UvrA may reassociate with
UvrB at the damaged area after UvrC incises the damage, perhaps to prevent UvrC rebinding (Malta et
al., 2007). Through an unknown mechanism, UvrD, also known as DNA helicase II, is recruited to remove
the damaged strand. Cell machinery typically used in DNA replication completes the missing area.

1.3.2.

The transcription coupled repair pathway
Transcription is the process in which the ribonucleic acid (RNA) polymerase (RNAP) transcribes

the double-stranded DNA into RNA. The RNAP is composed of five subunits, α2ββ’ω, which uses the
following processes to complete transcription: promoter recognition, closed complex formation, open
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complex formation, abortive initiation, promoter escape, elongation, and termination (Browning & Busby,
2016; Murakami & Darst, 2003). The coupling of DNA damage repair pathways to transcription is
because of the following possible events: nucleotide mis-incorporations, pausing or stalling events, and
collisions with template-bound proteins acting as roadblocks (James, Gamba, Cockell, & Zenkin, 2017;
Kotlajich et al., 2015; Larson et al., 2014; Pomerantz & O’Donnell, 2010). Any of these events could lead
to a stalled RNAP, which can be occasionally self-corrected or corrected by transcription modulators,
such as GreA/B, NusA, UvrD, and Mfd (Epshtein et al., 2014; C P Selby & Sancar, 1993; Toulmé et al.,
2000).
The TCR begins with Mfd bound to the β subunit of a stalled RNAP upstream of the transcription
bubble (Figure 1.5) (Deaconescu et al., 2006; Park, Marr, & Roberts, 2002). Mfd binding to RNAP causes
a conformational change, activating its translocase activities and removing the RNAP (A. J. Smith,
Szczelkun, & Savery, 2007). Other reports have indicated that RNAP is retained during translocation
(Strick & Portman, 2019). RNAP may enhance UvrA2UvrB1 complex binding by providing preferential
binding sites through the supercoiling events by the RNAP complex (B Ahn & Grossman, 1996)
Once RNAP is released, a conformational change occurs, allowing a UvrA dimer to bind to Mfd
(Howan et al., 2012). Mfd has an N-terminal 140 amino acid domain similar to the UvrA binding site in
UvrB, resulting in Mfd binding to a UvrB binding domain in UvrA leaving the resulting complex as either
UvrA2-Mfd or UvrA2-UvrB-Mfd (C P Selby & Sancar, 1995). UvrA2 can then bind to the damaged area.
Two possibilities exist for a UvrB loading mechanism. First, the UvrA 2UvrB complex is bound to the
damaged area in such a way that the single UvrB will become loaded onto the correct strand, removing
the necessity to scan both strands for the damage. Secondly, the second UvrB could become bound to
the complex after Mfd loads the complex to the damaged DNA and dissociates itself. All remaining steps
of the TCR pathway are identical to the GGR pathway.

1.3.3.

The large repairosome
There have been reports of a large repairosome containing UvrA, UvrB, and UvrC (Springall et

al., 2018; Weng et al., 2010). Additionally, it was recently shown that UvrA and UvrC might be able to
interact (Thakur, Badugu, & Muniyappa, 2020). Although a cellular role is not easily identified, UvrB-UvrC
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complexes are able to self-load onto damaged DNA (Springall et al., 2018). These different complexes
indicate that a large repairosome could be possible, although only present in scattered reports.
Some of these complexes have been detected as part of ICR by the NER pathway. ICR likely has
a different repair pathway, as only UvrA2 -DNA, UvrA2UvrB-DNA, UvrA2UvrBUvrC-DNA complexes have
been detected in the repair of ICRs, despite being efficiently repaired (Weng et al., 2010). Interstrand
crosslinks and protein-DNA crosslinks are incised efficiently by the NER pathway (Minko et al., 2005).
Additionally, ICRs have tighter cleavages, with the 3’ cleavage occurring at 4-5 phosphodiester bonds
away, while the 5’ end remains unchanged (Peng, Ghosh, Van Houten, & Greenberg, 2010).
Finally, ICRs are often cleaved with both strands being cleaved, suggesting either two rounds of
incision or an altered, currently unknown UvrC mechanism (Peng et al., 2010; Weng et al., 2010). The
fact that the NER pathway can introduce DSBs is interesting since DSBs are the most toxic type of
damage (Peng et al., 2010). It has been noted in studies examining short undamaged DNAs, that UvrA is
capable of binding to two separate short oligos, with the two ends in the damaged area (Wagner et al.,
2009). It is possible that a repairosome is utilized in ICRs, because UvrA can utilize its ability to bind to
the two DNA breaks, preventing these DSBs from becoming toxic, therefore, it is necessary to keep UvrA
close to prevent the two ends separating.

1.4.

An overview of the bacterial nucleotide excision repair mechanisms

1.4.1.

Proteins involved in the bacterial NER pathway
UvrA is the damage sensor for the NER system in bacteria (Table 1.2). Once damage is

detected, UvrB is loaded onto the damaged area with the aid of UvrA in a process requiring ATPase
activity on behalf of UvrA, the activation of the UvrB ATPase domain, and verification of the damaged
area (Myles, Hearst, & Sancar, 1991; Orren & Sancar, 1990; Stracy et al., 2016; Truglio et al., 2004). Part
of UvrB loading included the insertion of the UvrB β-hairpin between the two strands of the DNA duplex
(Hilton et al., 2016; Y. Liu et al., 2011).
Following damage verification, UvrC binds to the opposite DNA strand of UvrB and to UvrB itself,
after UvrB hydrolyzes ATP (Truglio et al., 2004). UvrC then completes the 5’ then 3’ incisions (Gordienko
& Rupp, 1998). After the 5’ incision, UvrB does not need to conformationally change to allow the 3’
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incision (Malta et al., 2008). Unlike in eukaryotes, it is unclear if any of the associated proteins complete
an unwinding process, although during the UvrB loading process, the DNA becomes wrapped around
UvrB, UvrB has short-helicase abilities, and requires distal site hydrolysis in UvrA (Geri F. Moolenaar et
al., 2005; Shi et al., 1992; Stracy et al., 2016; Thiagalingam & Grossman, 1993). UvrD removes the
damaged DNA strand. DNA Polymerase I fills the gap, followed with DNA ligase sealing any nicks.

1.4.2.

Overview of the nucleotide excision repair pathway
Despite the large number of substrates the NER system can repair, the primary substrates are

identified as bulky adducts, cross-links, and various other lesions (de Laat, Jaspers, & Hoeijmakers,
1999; Hilton et al., 2016; Sugasawa, 2016; Truglio, Croteau, Van Houten, & Kisker, 2006). The basic
functions of the NER pathway are to detect damage, verify the damage, incise the damage, fill the gap,
and ligate any remaining gaps in an ATPase dependent sequence of events (Table 1.2) (Thiagalingam &
Grossman, 1993). Curiously, despite the lack of sequence similarity and the use of many more proteins in
eukaryotes verses bacteria, they both accomplish the NER pathway using the same basic steps (Bennett
Van Houten et al., 2005).
Overall, in both eukaryotes and bacteria, the current hypothesis dictates that damages are initially
detected using proteins sensing distortions within the DNA helix, which explains why so many damages
can be detected (Bukowska & Karwowski, 2018; Kad et al., 2010; Bennett Van Houten et al., 2005).
Essentially, the only requirements for DNA damage to become a substrate for the NER pathway is that it
alters the DNA chemistry and that it distorts the DNA helix (Batty & Wood, 2000). This has led to the
current theory that UvrA2 senses the DNA helix, despite the lack of evidence for this theory at this time
(Pakotiprapha et al., 2012). Although the cellular role of this function is unclear, the UvrA, UvrB, and UvrD
proteins, in combination with other proteins, can take over the DNA replication activities for DNA
Polymerase I (G F Moolenaar, Moorman, & Goosen, 2000).

1.4.3. Origins of a DNA duplex shape sensing mechanism
The idea for proteins probing for DNA helix disruptions dates to at least 1997, when the
FREEHELIX algorithm was initially published and the analysis of 86 different protein-DNA structures (R E
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Dickerson, 1998; Richard E. Dickerson & Chiu, 1997). From the analysis they found three types of
bending in protein-DNA structures, those with a sharp-kink, a general writhe, or a smooth curve (R E
Dickerson, 1998). Their analysis led to the following hypothesis” “the radical bending observed in many
protein/DNA complexes, and the observed dependence of bending on base sequence, suggests that
differential deformability of the helix may itself be a significant component of the recognition process”.
Therefore, the DNA helix sensing mechanism should be highly considered as a possible recognition
process for the UvrA2 damage sensor (R E Dickerson, 1998). However, it must be remembered that there
is a lack of evidence and understanding for a full UvrA2-DNA damage sensing mechanism.

1.4.4.

Damages repaired and detection
UvrA2 recognizes damages, with a tighter binding coefficient for damaged DNA verses

undamaged DNA (Byungchan Ahn & Grossman, 1996; Bertrand-Burggraf, Selby, Hearst, & Sancar,
1991; Croteau, DellaVecchia, Perera, & Van Houten, 2008; Gu et al., 2006; Mazur & Grossman, 1991;
Rossi et al., 2011; a Snowden & Van Houten, 1991; Yang, Colis, Basu, & Zou, 2005). Over 20 chemically
different substrates have been determined for the NER system, leading to the question how UvrA2 could
detect so many different types of damages (Lage, Gonçalves, Souza, de Pádula, & Leitão, 2010; a
Sancar, 1996; A. Snowden, Kow, & Van Houten, 1990). There are six different DNA characteristics that
UvrA2 could search for while scanning the genome for damage, covalently linked damage, bulky
substituents, localized unwinding, bending or kinking, change in charge distribution at the damaged site,
and changes in the dynamics of DNA (Bennett Van Houten et al., 2005). Current evidence suggests that
UvrA2 probes the helix for helical disruptions, giving insight into how it can detect a plethora of damage
types and UvrA2’s promiscuity in damage detection (Batty & Wood, 2000; Pakotiprapha et al., 2008, 2009,
2012; Bennett Van Houten et al., 2005).
Due to the method of DNA damage detection, the different types of damages that can be
detected by UvrA2 and subsequent repaired through the NER pathway are boundless (Table 1.3) (Batty &
Wood, 2000; Bennett Van Houten et al., 2005). Damages include, but are not limited to mismatches,
gaps, breaks, cross-linked proteins, covalently bound damages, cyclobutane pyrimidine dimers, and
pyrimidine (6-4) pyrimidone photoproducts (Table 1.3) (Balajee & Bohr, 2000; Batty & Wood, 2000;
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Bukowska & Karwowski, 2018; Bennett Van Houten et al., 2005). Also repaired by the NER pathway are
adducts, such as those created by carcinogens and chemotherapeutic drugs (B. Van Houten, Gamper,
Hearst, & Sancar, 1986). The efficiency of incision is dependent on different structural and chemical
modifications (Yue Zou, Luo, & Geacintov, 2001).

1.4.5.

Diseases associated with the NER pathway
The NER pathway can repair a plethora of damages and, therefore, is implicated in the

prevention of several diseases. Examples include the repair of DNA adducts after attack from various
factors, such as food contaminants, cigarette smoke, environmental pollutants, like N-acetyl-2aminofluorene (AAF), or from chemotherapy drug interactions, like cisplatin (Dinant, Bartek, & BekkerJensen, 2012; Felício et al., 2013; C. Luo, Krishnasamy, Basu, & Zou, 2000). However, the NER pathway
can also be targeted negatively to prevent different diseases. For example, the removal of UvrB in mice is
an effective method in preventing Mycobacterium tuberculosis infection (Darwin & Nathan, 2005;
Mazloum et al., 2011).
Curiously, some organisms have been identified lacking different NER pathway genes, such as in
symbiotic bacteria of deep-sea vesicomyid clams (Shimamura et al., 2017). Despite the deep-sea nature
of these organisms, they have significant DNA adducts, likely from heavy metals from hot springs
(Shimamura et al., 2017). Naturally, the loss of NER genes has a significant role in the following genetic
parameters: increased genetic distance, reduced GC content, and increased repeat sequence density
(Shimamura et al., 2017).
There have been several confirmations that UvrA plays a major role in the cell when under
oxidative stress, and is an important response to osmotic stress, thermal stress, and low pH stress by
increasing the stability of proteins involved in growth, survival, and lactic acid fermentation (Moghaddam,
Zhang, & Du, 2017). Additionally, chaperones interact with UvrA to prevent deactivation, such as DnaK in
E. coli to prevent temperature induced deactivation (Moghaddam et al., 2017; Yue Zou, Crowley, & Van
Houten, 1998). The molecular chaperones DnaK, DnaJ, and GrpE stabilize UvrA, can refold and
reactivate UvrA, and entices UvrA to undergo multiple UvrB loading cycle, leading to more efficient
incision (Yue Zou et al., 1998).
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Table 1.3: Damages detected by NER. Several types of damages have been investigated as substrates
for NER and are presented here. NR stands for not repaired and IR for inhibits repair. Source, with the
addition of new research: (Bennett Van Houten et al., 2005).
Damage
category
Single base
modification

Damaging agent

Lesion or adduct
description
4NQO-purine
adducts

Repair
efficiency
+

Apurinic/apyrimidi
nic sites

Abasic sites,
reduced apurinic
sites (ring opened)

+

Aflatoxin-B1

Purine adducts,
N7-guanine,
formamidopyrimidi
ne

++

Alkoxyamine
modified AP sites

AP analog

++

Anthramycin

N2-Guanine

+++

Cholesterol

Synthetically
prepared
cholesterol
adducted base
Synthetically
prepared
fluorescein
adducted thymine
Dihydrothymine,
N-glycoside-βuredio iodobutyric
acid urea
residues/thymine
glycol HO-C5, C6thymine
Synthetically
prepared menthol
adducted bae
O4-alkyl thymine,
O6-methyl
guanine, N6methyl adenine

+++

(Ikenaga, Ichikawa-Ryo, &
Kondo, 1975; Thomas, Husain,
Chaney, Panigrahi, & Walker,
1991; Thomas, Morton, Bohr, &
Sancar, 1988)
(Bockrath, Kow, & Wallace,
1993; J. J. Lin & Sancar, 1989;
A. Snowden et al., 1990; Ben
Van Houten & Snowden, 1993)
(Alekseyev, Hamm, &
Essigmann, 2004; Allan,
Routledge, & Garner, 1996; J. X.
Chen, Zheng, West, & Tang,
1998; Oleykowski et al., 1993;
Routledge, Allan, & Garner,
1997)
(B. X. Chen et al., 1992; Purmal,
Rabow, Lampman, Cunningham,
& Kow, 1996)
(Gunz et al., 1996; Krugh,
Graves, & Stone, 1989;
Nazimiec, Grossman, & Tang,
1992)
(Gómez-Pinto et al., 2004)

+++

(DellaVecchia et al., 2004)

NR/++

(Kow, Wallace, & Van Houten,
1990; J. J. Lin & Sancar, 1989;
Vos, 1995)

+

(Geri F. Moolenaar, van
Rossum-Fikkert, van Kesteren,
& Goosen, 2002)
(R. W. Chambers, SledziewskaGojska, Hirani-Hojatti, & BorowyBorowski, 1985; Robert W.
Chambers, Sledziewska-Gojska,
& Hirani-Hojatti, 1988; P. D.,
1984; Samson, Thomale, &

4-Nitroquinoline1-oxide

Fluorescein

Ionizing radiation

Menthol

Multi-functional
alkylating agents
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NR/+

References

Intra- and
inter- strand
crosslinks

N-acetoxy-2acetylaminofluorene
(AAF), N-hydroxyaminofluorene
(AF)

C8-guanine

++

Polycyclic
aromatic
hydrocarbons
(PAHs)

N2-guanine,
benzo[α]pyrene
diol epoxide,
methylchrysene/C8
-guanine, 1nitropyrene

+++/++

Proralen

Mono-adduct (e.g.
8methoxypsoralen
(8-MOP) and 4,5’,
8trimethylpsoralen
(TMP)

+++

Trans-4-hydroxy2-nonenal

Ethano base
adducts

CC-1065

N3-adennine

++

Cisplatin

N7-guanine, GG,
AG/GxG

++/+++

Cyclohexylcarbodi
imide
DNAproteins/DNApeptide crosslinks

Unpaired T and G
residues
Chemically
induced

++/+++

Mitomycin C, Nmethylmitomycin
A

N7-guanine; O6methyl guanine,
N2-guanine

++
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+/++

Rajewsky, 1988; Voigt, Van
Houten, Sancar, & Topal, 1989)
(Bichara & Fuchs, 1987; Fuchs
& Seeberg, 1984; Gordienko &
Rupp, 1997, 1998; Jain et al.,
2012; C. Luo et al., 2000; Pierce,
Case, & Tang, 1989; A Sancar,
Franklin, Sancar, & Tang, 1985;
M. Tang, Lieberman, & King,
1982; Yue Zou et al., 2003)
(Hoare et al., 2000; E. Seeberg,
Steinum, Nordenskjöld,
Söderhäll, & Jernström, 1983;
Vadi, 1983; Bennett Van Houten,
Masker, Carrier, & Regan, 1986;
Ziegel, Shallop, Upadhyaya,
Jones, & Tretyakova, 2004; Yue
Zou, Liu, Geacintov, & Van
Houten, 1995; Yue Zou et al.,
2001, 2004, 2003; Yue Zou &
Van Houten, 1999)
(Huang, Hsu, Kazantsev, &
Sancar, 1994; Munn & Rupp,
1991; Ramaswamy & Yeung,
1994; Aziz Sancar & Rupp,
1983; Thomas, Levy, & Sancar,
1985; B. Van Houten, Gamper,
Sancar, & Hearst, 1987; Anthony
T. Yeung, Jones, Capraro, &
Chu, 1987)
(Janowska et al., 2009)

(Nazimiec et al., 2001;
Christopher P. Selby & Sancar,
1988; M. S. Tang et al., 1988)
(Beck, Popoff, Sancar, & Rupp,
1985; Brandsma et al., 1996;
Chaney et al., 2004; Felício et
al., 2013; Husain, Chaney, &
Sancar, 1985; Popoff, Beck, &
Rupp, 1987; E. E. A. Verhoeven,
van Kesteren, et al., 2002;
Visse, King, Moolenaar, Goosen,
& van de Putte, 1994)
(Thomas, Kunkel, Casna, Ford,
& Sancar, 1986)
(Bhagwat & Roberts, 1987; Lal,
Som, & Friedman, 1988; Minko
et al., 2005; Minko, Zou, & Lloyd,
2002; Yue Zou et al., 2004)
(Fram, Sullivan, & Marinus,
1986; Howard-Flanders, Boyce,
& Theriot, 1966; Lage et al.,
2003; V. S. Li, Tang, & Kohn,

N,N’-Bis(2chloroethyl)-Nnitrosourea
Nitrogen mustard

Bifunctional
alkylation

++

Bifunctional
alkylation
O6-methyl guanine

++

C5, C6-thymine;
bisadduct

+++

UV irradiation

Pyrimidine dimer
(C5, C6pyrimidine), 6-4photoproduct

++/+++

A-tracts

AAAA

NR

N’-methyl-Nnitronitrosoguanidi
ne (MNNG)
Psoralen

Natural
bases

Double-strand
DNA (dsDNA)
Extrahelical bases
or loops in DNA
Mismatches

NR

(B Van Houten, 1990; Vos,
1995)
(B Van Houten, 1990)

NR

(Thomas et al., 1986)

NR/++
NR

(Huang et al., 1994; Thomas et
al., 1986)
(Parniewski, Bacolla, Jaworski,
& Wells, 1999; B Van Houten,
1990)

Synthetically
modified

+

(Huang et al., 1994)

Synthetically
modified,
phosphorothioate
linkage
Synthetically
modified, tethered
to backbone

+

(DellaVecchia et al., 2004)

+++

(Geri F. Moolenaar, Bazuine,
van Knippenberg, Visse, &
Goosen, 1998; Geri F.
Moolenaar et al., 2002; Geri F.

A-G; G-G

Sequence-specific
bends

Backbone
modifications

2-Aminobutyl-1,3propanediol
(ABPD)
Azidophenacyl
bromide

Cholesterol, CholS, Chol-P

++

2001; Pu, Kahn, Munn, & Rupp,
1989; Weng et al., 2010)
(Bohr, 1991; Fram et al., 1986; B
M Kacinski, Rupp, & Ludlum,
1985)
(Bohr, 1991; Fram et al., 1986;
Lage et al., 2003)
(Samson et al., 1988; B. Van
Houten & Sancar, 1987; Voigt et
al., 1989)
(Barre, Asseline, & Harel-Bellan,
1999; Cheng, Van Houten,
Gamper, Sancar, & Hearst,
1988; Duval-Valentin, Takasugi,
Hélène, & Sage, 1998; B. K.
Jones & Yeung, 1988;
Ramaswamy & Yeung, 1994; A
Sancar et al., 1985; Aziz Sancar
& Rupp, 1983; B. Van Houten et
al., 1986; B Van Houten,
Gamper, Holbrook, Hearst, &
Sancar, 1986; Anthony T. Yeung
et al., 1987)
(Franklin & Haseltine, 1984;
Myles, Van Houten, & Sancar,
1987; Aziz Sancar & Rupp,
1983; Erling Seeberg, 1981;
Thomas et al., 1988; A. T.
Yeung, Mattes, Oh, &
Grossman, 1983; Yue Zou et al.,
2004)
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Intercalators

Fluorescein

Synthetically
modified, tethered
to backbone

+++

Phosphorothioate,
methyl
phosphorothioate
Phosphotriesters

Synthetically
modified

+

Single nucleotide
gap
Single strand nick
(3’ or 5’) in dsDNA
with modified
basses

Synthetically
modified
Synthetically
modified

+++

Single strand nick
in dsDNA

Synthetically
modified

+++

NR

+++

Actinomycin D

IR

Caffeine

IR

Chloroquine
Ditercalanium

IR
++

Noncovalent
bisintercalator

Doxorubixin/AD32

+

Ethidium bromide

IR
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Moolenaar, Monaco, et al., 2000;
E. E. A. Verhoeven, van
Kesteren, et al., 2002; E. E.
Verhoeven et al., 2001)
(Bienstock, Skorvaga,
Mandavilli, & Van Houten, 2003;
Skorvaga et al., 2004; Skorvaga,
Theis, Mandavilli, Kisker, & Van
Houten, 2002; Yue Zou et al.,
2004)
(Branum et al., 2001;
DellaVecchia et al., 2004)
(B Van Houten, 1990; Vos,
1995)
(DellaVecchia et al., 2004; Geri
F. Moolenaar et al., 1998)
(Delagoutte, Fuchs, & BertrandBurggraf, 2002; DellaVecchia et
al., 2004; Geri F. Moolenaar,
Monaco, et al., 2000; A.
Snowden et al., 1990)
(DellaVecchia et al., 2004; Geri
F. Moolenaar et al., 1998)
(Christopher P. Selby & Sancar,
1991)
(C P Selby & Sancar, 1990;
Christopher P. Selby & Sancar,
1990, 1991)
(C P Selby & Sancar, 1990)
(Lambert, Jones, Roques, Le
Pecq, & Yeung, 1989; Lambert
et al., 1990)
(Anderson, Veigl, Baxter, &
David Sedwick, 1993; Barry M.
Kacinski & Rupp, 1981)
(Christopher P. Selby & Sancar,
1991)
(Christopher P. Selby & Sancar,
1991)

Although DNA damage can be associated with several conditions, three specific conditions have
been directly linked to different mutations in the NER pathway. The conditions are Xeroderma
Pigmentosum, Trichothiodystrophy, and Cockayne Syndrome (Balajee & Bohr, 2000; Cambindo Botto,
Muñoz, & Muñoz, 2018; D’Errico, Pascucci, Iorio, Van Houten, & Dogliotti, 2013; Marteijn, Lans,
Vermeulen, & Hoeijmakers, 2014; Stefanini, n.d.). The uniting condition linking the NER pathway among
these three diseases are photosensitivity and neurological abnormalities (Balajee & Bohr, 2000;
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Bukowska & Karwowski, 2018; Cambindo Botto et al., 2018). (Figure 1.6). Finally, since the NER pathway
is associated with several cellular regulating agents, such as p53, p21, and p48, the NER pathway could
be implicated in several other conditions, especially oncology related conditions (Balajee & Bohr, 2000;
Bukowska & Karwowski, 2018; Petit & Sancar, 1999; a Sancar, 1996; B. Van Houten et al., 1986).

Figure 1.6: Three diseases linked to NER pathway defects. Xeroderma pigmentosum (XP),
Trichothiodystrophy (TTD), and Cockayne Syndrome (CS) are linked to NER defects. The common
symptoms among these diseases attributed to NER are photosensitivity and neurological abnormalities.
Source: (Bukowska & Karwowski, 2018).

1.4.6.

Proteins involved in the eukaryotic NER pathway
Within eukaryotes, at least 30 proteins accomplish the nucleotide excision repair pathway (Table

1.2). DNA damage recognition is accomplished by Xeroderma pigmentosum group C (XPC) in complex
with RAD23B, XPE, CSA, CSB, XAB2, and RNA Polymerase II (Table 1.2). DNA damage verification is
then accomplished by XPC, by hopping along the DNA until it finds a thermodynamically stable region
(Hilton et al., 2016). XPC then inserts a β-hairpin between the DNA strands for damage verification, a
shared step between bacteria and eukaryotic NER systems (Hilton et al., 2016; Y. Liu et al., 2011). The
DNA is then unwound by XPB and XPD. The 3’ and 5’ incision are accomplished by XPF-ERCC1 and
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XPG, respectively. The gap is then filled by polymerase δ and polymerases κ or ε. Any remaining nicks
are filled by ligase IIIa and ligase I.

1.4.7.

Proteins involved in the bacterial NER pathway
UvrA2 is the damage sensor for the NER system in bacteria (Table 1.2). Once damage is

detected, UvrB is loaded onto the damaged area with the aid of UvrA2 in a process requiring ATPase
activity on behalf of UvrA2, the activation of the UvrB ATPase domain, and verification of the damaged
area (Myles et al., 1991; Orren & Sancar, 1990; Stracy et al., 2016; Truglio et al., 2004). Part of UvrB
loading included the insertion of the UvrB β-hairpin between the two strands of the DNA duplex (Hilton et
al., 2016; Y. Liu et al., 2011).
Following damage verification, UvrC binds to the opposite DNA strand of UvrB and to UvrB itself,
after UvrB hydrolyzes ATP (Truglio et al., 2004). UvrC then completes the 5’ then 3’ incisions (Gordienko
& Rupp, 1998). After the 5’ incision, UvrB does not need to conformationally change to allow the 3’
incision (Malta et al., 2008). Unlike in eukaryotes, it is unclear if any of the associated proteins complete
an unwinding process, although during the UvrB loading process, the DNA becomes wrapped around
UvrB, UvrB has short-helicase abilities, and requires distal site hydrolysis in UvrA (Geri F. Moolenaar et
al., 2005; Shi et al., 1992; Stracy et al., 2016; Thiagalingam & Grossman, 1993). UvrD removes the
damaged DNA strand. DNA Polymerase I fills the gap, followed with DNA ligase sealing any nicks.
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1.5.

A detailed look at the bacterial NER proteins

1.5.1.

Domains and structural overview of UvrA
UvrA has two ATPase binding domains, ATP binding domain I and II (Figure 1.7). Additionally,

there are two signature domains. The signature I domain is inserted in the ATP binding domain I and the
signature II domain are inserted in ATP binding domain II. The UvrB binding domain, responsible for UvrB
binding activities, is inserted into the signature I domain (Pakotiprapha et al., 2008, 2009). Finally, the
insertion domain, responsible for DNA binding is inserted into the signature I domain (Timmins et al.,
2009; Wagner, Moolenaar, & Goosen, 2011).
Structures of UvrA have led to the proposal that the UvrA dimer forms open, closed, and an
altered-closed structures as it is scanning DNA to locate a damaged area (Figure 1.8) (Pakotiprapha et
al., 2012). These different structures could be regulated by ATP. In the Geobacillus (G.)
stearothermophilus UvrA2UvrB2 structure, a closed conformation of UvrA2 is found without bound
nucleotide (Pakotiprapha et al., 2012). The UvrA2UvrB2 complex shows a vacant proximal nucleotide
binding site as well as an altered signature domain II conformation (Pakotiprapha et al., 2012). The
vacant site and conformation of the signature domain II suggests an ATP hydrolysis dependent
conformation change in signature domain II. A structure of the G. stearothermophilus UvrA dimer found
that the dimer adopted an open conformation, bound to ADP (Pakotiprapha et al., 2008, 2012).
A Thermotoga (T.) maritima UvrA dimer was crystalized without nucleotide in complex with a 32
base pair oligonucleotide with two opposing fluorescein-modified thymine residue structure (Jaciuk et al.,
2011). The structure was similar to previously found UvrA structures (Jaciuk et al., 2011). The DNA was
bent to approximately 15° and unwound at about 20° (Jaciuk et al., 2011; Kisker, Kuper, & Van Houten,
2013).
The UvrA monomer coordinates three zinc molecules (Kisker et al., 2013). Zinc fingers are a
common structural element utilized by proteins for DNA binding, protein-protein interactions, protein-RNA
interactions, and protein-ligand interactions. The first zinc is located between signature domain I and the
UvrB binding domain, the second is between signature domain I and the insertion domain, while the third
connects the helical region of signature domain II to the dimer domain (Kisker et al., 2013; Pakotiprapha
et al., 2008, 2012).
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Figure 1.7: Schematic of UvrA domains. Colors are as follows: ATP binding domain I in red, ATP
binding domain II in blue, signature domain I in pink, signature domain II in brown, UvrB binding domain
in blue-green, and the DNA binding domain/insertion domain in gold. (A) The domains are shown as a
schematic based off amino acid numbering. (B) The UvrA dimer (PDB: 2R6F) is shown with one
monomer colored by domain with the second monomer shown in white (Pakotiprapha et al., 2008). Also,
DNA bound to the UvrA binding site, from the DNA bound UvrA structure (PDB: 3PIH) is shown in black
(Jaciuk et al., 2011). Figure generated using (“The PyMOL Molecular Graphics System,” 2015).

When the G. caldotenax first zinc finger binding domain was deleted, the DNA binding
interactions were altered, despite previous reports indicating that the finger is unnecessary for the NER
pathway (Croteau et al., 2006; Visse, de Ruijter, Ubbink, Brandsma, & van de Putte, 1993). Additionally, a
glycine rich area at the N-terminal region of UvrA2 acts in the recognition of damaged DNA
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Figure 1.8: Open and closed UvrA forms. The different sized binding domains in different available
PDB structures is demonstrated. In red is the published open-tray structure (PDB: 2R6F) (Pakotiprapha et
al., 2008). The closed-tray structure is shown in black (PDB:3UWX) (Pakotiprapha et al., 2012). The DNA
path is shown in blue. A side view or tunnel view of the DNA-binding cavity is demonstrated in (A), and a
top-down view showing the length of the DNA-binding cavity is shown in (B). Figure generated using
(“The PyMOL Molecular Graphics System,” 2015).

(Claassen & Grossman, 1991). Specifically, an eleven amino acid deletion within the C-terminal zincfinger resulted in an increased affinity for undamaged dsDNA, but a decreased affinity for damaged DNA
(Croteau et al., 2006; Kraithong et al., 2017). Therefore, it appears that the C-terminal zinc finger plays a
regulatory role in discerning damaged DNA, and likely restricts the binding path of DNA (Croteau et al.,
2006; Kraithong et al., 2017; Truglio, Croteau, et al., 2006). This conclusion was reinforced by the finding
that when the C-terminal zinc-finger was deleted, cells were rendered sensitive to UV light (Croteau et al.,
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2006; Truglio, Croteau, et al., 2006). The N-terminal zinc finger is less well conserved and is not
necessary for the NER pathway in vitro (Truglio, Croteau, et al., 2006).
Within UvrA, a helix-turn-helix motif in the N-terminal region and the glycine-rich region within the
C-terminal region were once implicated to be important for DNA binding, but have been since predicted to
be, instead, part of the ABC ATPase fold (Croteau et al., 2006). Unlike the DNA damage searching
enzymes Rad4 and UV-DDB, UvrA does not appear to use base flipping, as DNA base-pairing is
maintained in the crystal structure of T. maritima UvrA (Jaciuk et al., 2011). The main interactions,
instead, appear to be the probing of the DNA double helix on both sides of the damaged area (Jaciuk et
al., 2011; Pakotiprapha et al., 2012).
From a UvrA2UvrB2 structure, the open conformation was shown to have a surface of 30 Å wide
and 30 Å deep, while the previous UvrA2 structure’s DNA binding site had a more open DNA binding
surface of 43 Å wide by 25 Å deep (Figure 1.8) (Pakotiprapha et al., 2008, 2012). An altered-closed
structure is thought to occur when UvrA encounters a damaged area along DNA and is unable to form the
fully closed version, due to steric hindrance, leading to UvrB loading (Jaciuk et al., 2011; Pakotiprapha et
al., 2012).

1.5.2.

Overview of ATP-binding cassettes
In a typical ATP binding cassette (ABC) transporter, the protein will form two ATP-binding

pockets, where both nucleotide binding pockets contribute to one another (Linton, 2007). One of the most
prominent models for ABC transporters is the switch model, which could be utilized by UvrA2 (Figure 1.9)
(Linton & Higgins, 2007). The initial step, the transport cycle, or possibly the closing of the UvrA dimer
around DNA, is initiated by ATP binding in the “open dimer” conformation of the nucleotide binding
domain (NBD) (Linton & Higgins, 2007). In this step, binding of ligand, or in the case of UvrA2, DNA, may
increase affinity for ATP (Linton, 2007). The binding of ATP initiates a conformational change to the
“closed dimer” structure of the NBD (Linton & Higgins, 2007). The formation of the “closed dimer” initiates
the second step where a conformational change causes substrate translocation (Linton & Higgins, 2007).
In the third step, ATP is hydrolyzed and the NBD switches from the “closed conformation” to the “open
conformation” (Linton & Higgins, 2007). Hydrolysis has been implicated in destabilizing the NBD “closed
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conformation” (Linton, 2007). In the fourth and final step, adenosine diphosphate (ADP) and inorganic
phosphate are released restoring the protein to its original state so a new cycle can be initiated (Linton &
Higgins, 2007).

Figure 1.9: A schematic description of the switch model. The switch model binds ATP, the sites
dimerize, hydrolyze ATP, and ADP and Pi are released. Source: (P. M. Jones & George, 2013).

A second model for ATP hydrolysis by the ABC NBDs, the constant contact model, could also be
used by UvrA (P. M. Jones & George, 2013). In the constant contact model, ATP hydrolysis occurs
alternatively at each site with each NBD able to exchange ATP while the second NBD site is closed (P.
M. Jones & George, 2013). Besides alternating hydrolysis, the constant contact model is similar to the
switch model, receiving energy at each of the same steps (P. M. Jones & George, 2013). By mutating
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either or both of the conserved H-loop histidine to an alanine or the walker B motif glutamic acid to
glutamine, the ATP sites can be made inactive, although still binding ATP (Karpowich, Song, Cocco, &
Wang, 2015; P. C. Smith et al., 2002; Zaitseva et al., 2006).

1.5.3.

The UvrA ATP-binding cassettes
There are two ATPase sites within an UvrA monomer, deemed either the proximal or distal

ATPase sites and are members of the ABC family. The UvrA dimeric form further complicates the model
used by UvrA as the communication between each monomer also must be understood (Figure 1.10). The
proximal site is located at the C-terminus and the distal site is located at the N-terminus, where the
proximal site has a higher affinity for ATP then the distal site (Thiagalingam & Grossman, 1991).
The ABC ATPase domains consist of several conserved regions (Nora Goosen & Moolenaar,
2008). ABC ATPases encompasses a 200-250 residue nucleotide binding domain, including several
conserved regions (Linton, 2007). Among the ABC ATPase conserved regions are the Walker A/P loop,
the Q loop, the ABC signature sequence, the Walker B motif, the D loop, and the H loop or switch (Linton,
2007). ATP is typically bound by the core subdomain, where the Walker A and B motifs, the stacking
aromatic groups, and the H-loop histidine all contact ATP (P. M. Jones & George, 2013; Linton, 2007).
Within the Q-loop, which is important for contact ligand binding sites, a conserved glutamine residue
contacts the γ-phosphate through a water molecule (Linton, 2007). Two conserved ABC ATPase motifs
are present within the UvrA ATPase sites, although the D-loop, typically retaining the sequence SALD,
cannot be easily identified (Figure 1.11). The overall organization of the conserved regions of an ABC
ATPase is demonstrated for a both a typical in the dimer form of the ATPase domain and the UvrA ABC
ATPase domains (Figure 1.12). Interestingly, the overall structure of the UvrA ATPase sites resembles an
ATP bound ABC ATPase type structure.
There is a higher percentage of UvrA dimers or active UvrA in solution upon ATP addition
compared to UvrA bound to ADP in both ATPase sites, further indicated by ATP binding activates the
enzyme (Thiagalingam & Grossman, 1993; Wagner et al., 2009). These results suggested that an
ADP/ATP mixed form scans the DNA for damaged, although Adenosine 5'-[y-thio]-triphosphate (ATPγS)
stabilizes the dimer (Malta et al., 2007; Wagner et al., 2009). It is possible that the mixed ADP/ATP states
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Figure 1.10: Locations of the UvrA ATPase sites. The domains are colored as indicated. The DNA is
used from a UvrA structure bound to DNA (PDB: 3PIH), while UvrA domains are shown from a previous
structure (PDB: 2R6F) (Jaciuk et al., 2011; Pakotiprapha et al., 2008). Additionally, the ADP molecules
are shown in yellow spheres. The distal site is indicated by a red oval outlined in green, while the
proximal site is indicated by a blue oval outlined in red. Figure generated using (“The PyMOL Molecular
Graphics System,” 2015).

are simply for scanning DNA, while the completely ADP or ATP bound states have different functions
(Wagner et al., 2009). Energy is used in three distinct steps by ABC transporters: ATP binding, ATP
hydrolysis, and ADP and Pi release (Linton & Higgins, 2007). The UvrA dimer contains four separate
ATPase sites, which, based on the three separate energetic states for each site, indicates 43 or 64
potential configurations for the UvrA dimer based on its ATPase site (Truglio, Croteau, et al., 2006).
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GLVDKGNTVIVIEHNLDVIKTSDWIIDLGPEGGAGGGTVVAQGTPEDVAAVPASYTGKFL
RLVDNGDTVLVIEHNLDVIKTADYIIDLGPEGGDRGGQIVAVGTPEEVAEVEESHTGRYL
KLRDQGNTIVVIEHNLDVIKTADWIVDLGPEGGSGGGEILVSGTPETVAECEASHTARFL
* * *:*::.:**:::*: :* ::*:** .* ** ::. *** :*
* *. :*
Figure 1.11: UvrA sequence alignment. Deinococcus radiodurans (Dra), T. maritima (Tma),

917
912
949
935
936

Mycobacterium tuberculosis (Mtb), G. stearothermophilus (Gst), E. coli (Eco), UvrA, the most commonly
researched versions of UvrA were aligned using Clustal Omega (Sievers et al., 2011). The coloring
scheme is as in Figure 1.12. Motifs are highlighted as follows: Walker A in purple, Walker B in pink, HLoop in red, Aromatic Loop in light blue, and ABC motif in blue green. Additionally, the Q-loop is shown in
light green. The ATPase site motifs are highly conserved and are shown here to be highly conserved
among the most studied UvrAs. Source: (Pakotiprapha et al., 2008).

Studies using green fluorescence protein (GFP) and yellow fluorescence protein (YFP) suggested
that an ADP/ATP ratio is necessary for orienting the UvrA DNA-binding domains with the DNA (Malta et
al., 2007; Wagner et al., 2009). Binding of ATP within the ABC ATPase sites of UvrA suggests a large
rearrangement of the ATPase site through interactions between the Walker A motif and the signature
sequence (Wagner, Moolenaar, & Goosen, 2010).
Similar to UvrA, the p-glycoprotein-1 (Pgp) is an ABC ATPase that contains two ATPase sites
(Urbatsch, Beaudet, Carrier, & Gros, 1998; Wagner et al., 2010). Pgp and UvrA appear to use their
ATPase sites similarly, since deactivation of either one or both ATP sites completely inhibits ATP
hydrolysis (Urbatsch et al., 1998; Wagner et al., 2010).
Interestingly, ATP appears to reduce damage specificity, since in the presence of ATPγS UvrA
occupies a conformation that has reduced damage specificity (Wagner et al., 2010). Also, an ADP bound
structure has been crystallized, the role of which is unknown (Pakotiprapha et al., 2008; Wagner et al.,
2010). However, analysis indicates that the ATPase motif structure resembles ABC ATPases bound to
ATP.
The functional dependency of UvrA for ATP also indicates that the UvrB domain is exposed
differently, resulting in different UvrA2UvrB2 complex conformations depending on which domain is bound
to ATP (Wagner et al., 2010). The possibility of alternating conformations by ATP binding in different UvrA
ATPase domains is further supported by the fact that UvrB can only bind to UvrA in the presence of ATP
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Figure 1.12: ATPase site motif organization. Motifs are shown as follows: Walker A in purple, Walker B
in pink, His-Loop in red, the Aromatic Loop in light blue, the ABC Motif in blue-green, and the D-loop in
burnt-orange. Structures in this figure were aligned using the Walker A helix. (A) The list of motifs and the
respective colors for all panels. (B) An ABC ATPase Sav1866 (PDB: 2ONJ) (Dawson & Locher, 2007). All
respective motifs are shown here in complex with adenylyl-imidodiphosphate (AMP-PNP). The
configuration shown is of the closed ATPase dimer (Figure 1.8). (C) A published UvrA structure in
complex with ADP is shown here (Pakotiprapha et al., 2008). For simplicity, the proximal and distal sites
are overlapped. The D-loop is not shown since the D-loop location in UvrA is controversial and does not
contain the typical conserved sequence. (D) The proximal and distal UvrA sites are shown as in Figure
1.12C. For comparison, the Sav1866 structure is shown overlapped in orange. The locations of the
different motifs are remarkably similar, suggesting UvrA is in an ATP bound orientation despite being in
complex with ADP. Figure generated using (“The PyMOL Molecular Graphics System,” 2015).
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(Wagner et al., 2010). Also, the different conformations could play a role in the loading of UvrB onto
damaged DNA, as there is heavy crosstalk between the UvrA and UvrB subunits (Truglio et al., 2004;
Wagner et al., 2010). The proposed roles of the proximal and distal ATPase sites are summarized further
here (Table 1.4).

1.5.4.

Previous UvrA crystal structures
Crystal structures of UvrA from several species have been published (Case, Hartley, Osuga,

Jeruzalmi, & Hingorani, 2019; Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012; Rossi et al., 2011;
Timmins et al., 2009). The majority of UvrA structures have been of class I UvrA constructs. UvrA class I
constructs have all domains intact in their naturally occurring form.
Despite the large number of structural studies into UvrA, there is a remarkable lack of variability
within monomers of UvrA. The majority of structures had a single UvrA monomer within the unit cell, the
smallest repeating unit of the crystal (Case et al., 2019; Jaciuk et al., 2011; Pakotiprapha et al., 2008,
2012). There are two structures with more than one unit per cell; however, each of these structures
display remarkably little variation between each UvrA monomer (Rossi et al., 2011; Timmins et al., 2009).
However, these two structures feature three or five UvrA monomers within the unit cell, further suggesting
the result was of UvrA monomers rather than a true UvrA dimer.
When comparing the different monomeric UvrA structures, there is little variation between
different organisms. The ATPase I and II domains have no variation between structures, despite
structures with empty, ADP, and pyrophosphate occupied nucleotide binding sties (Case et al., 2019;
Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012; Rossi et al., 2011; Timmins et al., 2009). Additionally,
despite some minor rotations, the signature I and II domains have also been remarkably similar between
structures (Case et al., 2019; Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012; Rossi et al., 2011;
Timmins et al., 2009). Several structures removed the insertion and UvrB binding domains (Case et al.,
2019; Pakotiprapha et al., 2012).
A class III UvrA construct has also been determined, where the naturally occurring protein form
lacks the UvrB binding domain (Timmins et al., 2009). The class III UvrA structure demonstrated a large
rotation within the insertion domain towards the DNA binding cavity (Timmins et al., 2009). The role of the
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Table 1.4: Summary of ATPase studies. Different studies have yielded different results for the functions
of the separate ATPase sites. These studies and their results are summarized here.
UvrA ATPase

Task accomplished

site

Specific action

Reference

or state

Proximal

Activates distal site

Hydrolysis

(Barnett & Kad, 2019)

UvrB recruitment

ATP hydrolysis

(Stracy et al., 2016)

Damage detection

None needed

(Stracy et al., 2016)

UvrA2UvrB2 helicase

ATP hydrolysis

(Thiagalingam & Grossman, 1993)

Hydrolysis

(Stracy et al., 2016; Thiagalingam &

supercoiling activity

Distal

Release undamaged
DNA

Grossman, 1991, 1993)

Damage recognition

Hydrolysis

(Thiagalingam & Grossman, 1991)

Damage recognition

ATP binding

(Stracy et al., 2016)

UvrB loading

Unclear

(Wagner et al., 2010)

UvrB loading via

ATP binding

(Stracy et al., 2016)

ATP hydrolysis

(Stracy et al., 2016)

ATP hydrolysis

(Stracy et al., 2016)

ATP binding

(Thiagalingam & Grossman, 1991;

proximal site activation
Unknown pre-UvrB
loading step, inhibits
NER, does not prevent
UvrB loading
Releases DNA after
UvrB loading/postproximal site hydrolysis

Both

Dimerization/activation

Wagner et al., 2010, 2009)
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Damage recognition

ATP binding

(N Goosen & Moolenaar, 2000;
Wagner et al., 2009)

Stabilizes damage

ATP binding

(Wagner et al., 2011)

ADP bound

(Wagner et al., 2010)

ATP binding

(Byungchan Ahn & Grossman, 1996;

bound complex
Does not affect DNA
damage specificity
Reduces damage
specificity

N Goosen & Moolenaar, 2000; Kad
et al., 2010; Wagner et al., 2010)

Does not affect

Any action

(Myles et al., 1991)

ATP bound

(Stracy et al., 2016)

specificity
Scans genome

insertion domain remains largely uncertain, since a rotation is possible from the domain into the DNA
binding area, while being dispensable for DNA binding (Pakotiprapha et al., 2008; Timmins et al., 2009).
Further, ribosomal protein M, which interacts with duplexes RNA, has a root mean square deviation of 1.8
Å for 40 α-carbons when compared to the UvrA insertion domain (Timmins et al., 2009; Tung, Joseph, &
Sanbonmatsu, 2002). The identical nature of the insertion domain and the ribosomal protein M offers
further suggestive evidence of a DNA binding role (Timmins et al., 2009).
Since there structures of the UvrA monomer are largely similar between studies, a prominent
proposal is that the function of DNA discrimination resides within the UvrA dimer (Pakotiprapha et al.,
2012). However, since the unit cell analysis of UvrA is confined to the UvrA monomer, rather than the true
UvrA dimer, the dimer of UvrA is inferred and leads to an errored analysis. Although the dimer is inferred
from the symmetry of the UvrA unit, only a structure of the true UvrA dimer can lead to the necessary
clues of the UvrA function. A true dimeric structure can lend clues into how UvrA uses its symmetry within
its functions and additionally whether the breaking of that symmetry is necessary as part of its functions,
such as when damaged DNA is encountered.
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1.5.5.

UvrB structural overview
UvrB has five domains: domain 1a, domain 1b, domain 2, domain 3, and domain 4. Domains 1a,

1b, and 3 bind ATP at the domain (Figure 1.13) (Truglio, Karakas, et al., 2006). Domain 1b provides
additional DNA interactions, domain 2 interacts exclusively with UvrA, domains 2 and 4 are linked to UvrA
and UvrC interactions, and domain 4 is linked to domain 3 by a flexible linker (Kisker et al., 2013). There
exists several structures of UvrB, including its apo form (PDBs: 1D9Z, 1D2M, 1C4O, and 1T5L), in
complex with ATP (PDB 1D9X), in complex with DNA (PDBs: 2FDC, 2NMV, and 2D7D), and as a dimer
in complex with DNA (PDB 3V4R) (Figure 1.13) (Eryilmaz et al., 2006; Kisker et al., 2013; Machius,
Henry, Palnitkar, & Deisenhofer, 1999; Nakagawa et al., 1999; Theis et al., 1999; Truglio et al., 2004;
Truglio, Karakas, et al., 2006; Waters et al., 2006; Webster et al., 2012). The UvrB ATPase domain is
located between domain 1a and domain 3, and is likely coupled to conformational changes within domain
1a and domain 3, which is an important mechanism in closing down on DNA (Hong Wang et al., 2006).
UvrB is classified as a member of the helicase superfamily II DEAD-box family helicase due to a
six helicase motif in domain 1a and domain 3, which are connected by a short linker and have an αβα fold
(Figure 1.13) (Truglio, Karakas, et al., 2006; Hong Wang et al., 2006). UvrB shares structural similarity to
the DNA helicases NS3, PcrA, and Rep (Truglio, Karakas, et al., 2006). UvrB has all of the structural
properties of a helicase necessary to couple ATP binding and hydrolysis to domain motion, despite its
limited strand-separating activity (Gordienko & Rupp, 1997; Skorvaga et al., 2002; Truglio, Karakas, et al.,
2006).
Within UvrB, there are two binding domains for UvrA (Malta et al., 2007). Although UvrA binding
within domain 2 is critical for formation of the scanning complex, the second site on the C-terminal end of
UvrB, within domain 3, domain 4, and the linker region between them, appears to be critical in regulating
UvrB ATPase activity (Figure 1.13) (DellaVecchia et al., 2004; Malta et al., 2007; Hong Wang et al.,
2006). Domain 4 of UvrB has been linked to auto-inhibitory activity, which is probably relieved by UvrA
interactions (Figure 1.13) (Hong Wang et al., 2006).
UvrB also contains a flexible β-hairpin connecting domains 1a and 1b, which is rich in aromatic
and hydrophobic residues (Figure 1.13) (Truglio, Karakas, et al., 2006; E. E. Verhoeven et al., 2001).
When UvrB was superimposed on monomeric helicase-DNA complexes, it was suggested that one DNA
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Figure 1.13: UvrB domains and structure. UvrB is shown in cartoon according to the following coloring
scheme: domain 1a in pink, domain 1b in light blue, domain 2 in yellow, domain 3 in blue-green, domain 4
in orange, and the β-hairpin that is part of domain 1a in red. Single-stranded DNA is shown under the βhairpin showing the path of DNA through UvrB. PDB 2NMV was used (Waters et al., 2006). Figure
generated using (“The PyMOL Molecular Graphics System,” 2015).

strand threads behind the β-hairpin (Truglio, Karakas, et al., 2006). The UvrB β-hairpin is inserted
between the strands of the duplex DNA, locking a single strand between the β-hairpin and domain 1b
(Malta et al., 2008; Truglio, Karakas, et al., 2006; E. E. A. Verhoeven, Wyman, et al., 2002; Hong Wang
et al., 2006). The β-hairpin has a striking resemblance to the T7 RNA polymerase β-hairpin that is inserted
into DNA during initiation (E. E. Verhoeven et al., 2001). During translocation, each nucleotide of this
strand is flipped behind the β-hairpin into a hydrophobic nucleotide-binding pocket, while tyrosine (Y) 95
stabilizes the opening of the dsDNA by substituting for the extruded base (Truglio, Karakas, et al., 2006).
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A major driving force for DNA damage specific by UvrB is its hydrophobic interactions (Ma & Zou, 2004).
It is not clear whether the lesion is located on the inner or outer strand, but has been suggested to be on
the outer strand, interacting with Y95, which is solvent exposed on the outside of the β-hairpin (Truglio,
Karakas, et al., 2006; Yue Zou et al., 2004). The base adjacent to the damage at the 3’ site is flipped into
an extrahelical conformation UvrB (Malta et al., 2006)
A recent structure of the UvrB dimer revealed the dimer interface, which included the β-hairpin,
domain 2, and a highly conserved domain 3 helix (Figure 1.14) (Webster et al., 2012). The UvrB dimer
forms in a head-to-head fashion (E. E. A. Verhoeven, Wyman, et al., 2002; Webster et al., 2012).
Rotating the UvrA binding domain within UvrB showed a favorable configuration for DNA handover
(Webster et al., 2012). Through this rotation, the domain 1b helix, a region important for DNA binding and
is located directly behind the β-hairpin, was brought into close proximity with the UvrA DNA binding region
and the lesion site in both monomers (Webster et al., 2012).
A recent structure of UvrB featuring duplexed DNA with a six base pair bubble region has
provided further evidence into the functionality of UvrB (Figure 1.15) (S.-J. Lee, Sung, & Verdine, 2019).
The structure confirmed the looping of one DNA strand through a constricted area behind the afore
mentioned β-hairpin (S.-J. Lee et al., 2019). When bulky products are encountered, UvrB is no longer
able to move along the DNA and becomes stalled at the bulky DNA region (S.-J. Lee et al., 2019).

1.5.6.

The UvrA2UvrB2 complex
Previous structural studies indicated the overall architecture of the UvrA2UvrB2 complex (Figure

1.16) (Pakotiprapha et al., 2012). The complex is composed of a UvrA head-to-head dimer with a single
UvrB unit bound to each UvrA molecule (Pakotiprapha & Jeruzalmi, 2013; Pakotiprapha et al., 2009,
2012). The ability to structurally confirm the complex is strong evidence that the complex can form in vivo.
Although UvrA, in this structure, has an overall similar architecture of previous UvrA structures, UvrA
composes a closed-tray structure when complexed with UvrB (Figure 1.8) (Jaciuk et al., 2011;
Pakotiprapha et al., 2008, 2009, 2012; Pakotiprapha & Jeruzalmi, 2013; Rossi et al., 2011; Timmins et al.,
2009).
Within the UvrA2UvrB2 complex, UvrB is positioned approximately 80 Å from the expected
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Figure 1.14: Structure of the UvrB dimer. The UvrB dimer is shown with one UvrB monomer colored as
in Figure 1.13. The DNA in the second UvrB monomer is show in black for clarity. PDB 3V4R was used in
rendering this figure (Webster et al., 2012). Figure generated using (“The PyMOL Molecular Graphics
System,” 2015).

position of damaged DNA, at the center of the UvrA dimer (Pakotiprapha et al., 2012). The large distance
between UvrB and the damaged area left open the question of how UvrB becomes bound to the
damaged area. The implications of this distance on UvrB loading are discussed further below. The
suggested binding path by this complex demonstrates a B-form DNA binding path approximately 45 basepairs in length, 32 base-pairs by the UvrA dimer, similar to previous DNase I footprinting results
(Bertrand-Burggraf et al., 1991; Pakotiprapha et al., 2012; B. Van Houten et al., 1987; Visse, de Ruijter,
Moolenaar, & van de Putte, 1992; S. Wang, Blahut, Wu, Philipkosky, & Outten, 2014). UvrA2 and UvrB
likely makes contacts in the major grove of the DNA ( a Snowden & Van Houten, 1991).
Recently, a low-resolution negative-stain electron microscopy (EM) model has shed further
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Figure 1.15: UvrB Bound to Duplexed DNA. The UvrB monomer is shown in blue green. The β-hairpin
inserted between the DNA strands is shown in light blue. The DNA is shown in dark orange. There is a six
base bubble region where the β-hairpin is inserted. Figure generated using (“The PyMOL Molecular
Graphics System,” 2015).

evidence on the UvrA2UvrB2-DNA complex. The structural studies clearly indicated a UvrA dimer with a
UvrB monomer bound to each UvrA molecule, further confirming the proposed structure of the complex
(Jaciuk et al., 2020). DNA was modeled into this structure but could not be confirmed. Future studies
should use alternative staining methods to confirm the presence of DNA.
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Figure 1.16: Structure of UvrA2UvrB2. Colors are as in Figures 1.10 and 1.13. PDB 3UWX was used in
the rendering of this figure (Pakotiprapha et al., 2012). DNA is shown using 3PIH with an alignment to
UvrA (Jaciuk et al., 2011). In the UvrA2UvrB2 structure, two UvrA molecules form a head-to-head dimer
with a single UvrB bound to each UvrA molecule. Figure generated using (“The PyMOL Molecular
Graphics System,” 2015).
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1.6.

Remaining questions concerning UvrA
Despite extensive research into the bacterial NER pathway, several questions remain. Many

questions remain concerning the functions of UvrA. Despite recent extensive research into the UvrA2
ATPase mechanisms, it is still unclear how DNA plays a role in the ATPase cycle and any cooperativity
between ATPase activity and binding or presence of DNA. Additionally, disparities in the UvrA2 ATPase
cycle have been noted dependent on whether the DNA is damaged or undamaged.
One key piece of information is absent from UvrA research, namely how UvrA2 is able to function
promiscuously, detecting several types of damages, while being efficient in rejecting undamaged DNA.
Structural evidence suggests that UvrA2 has a highly symmetrical structure, which may play a role in its
function. One example would be a break in the symmetry in the damage detection process, which is
corrected in the case of undamaged DNA, but uncorrected in the case of damaged DNA. A prominent
proposal for the UvrA2-DNA detection method suggests that UvrA2 functions as a shape sensor for the
DNA duplex. Since DNA damages largely interfere with the formation of a proper B-form DNA duplex, this
proposal easily explains how UvrA2 can detect a plethora of damages. However, only some structural
evidence confirms this theory, while there is other structural and biochemical evidence to refute this
theory. Therefore, significant research still needs to be conducted to understand how UvrA2 detects
damaged DNA and rejects undamaged DNA.
Finally, some biochemical evidence has suggested that UvrB changes the functionality of UvrA2.
Specifically, that the UvrA2 ATPase cycle is different in the presence of UvrB and that the UvrA search
mechanism also differs when UvrB is present. These studies have led to speculation on what and how
UvrB changes UvrA. Despite evidence in E. coli suggesting UvrB rarely complexes with UvrA in vivo,
evidence in using NER proteins from other organisms suggests that UvrB can bind to UvrA to complete
the DNA search process. Further, research is needed to determine when UvrB binds to UvrA within the
NER pathway, specifically confirming UvrB is capable of binding to UvrA before, during, and after UvrA is
searching for damage while completing the role UvrB has in coordinating UvrA. Additionally, if UvrB is
capable of binding to UvrA prior to finding damages, further understanding is needed in what role this
complex plays and when the cell may use this additional search method for damaged DNA.
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2.1.

Abstract
Within the cellular system, several deoxyribonucleic acid (DNA) damage repair systems maintain

the genome, which is important to maintain the functionality and lifecycle of the cell. The nucleotide
excision repair system is an intriguing system, capable of detecting a diverse number of DNA lesions
within the cell. UvrA is a dimer, where each monomer has a proximal and distal ATPase site. Previous
studies have linked the proximal site to UvrB loading and the distal site to DNA interrogation. Additionally,
structural studies suggested a mechanism where UvrA2 uses a “open-tray” conformation to bind DNA.
During DNA interrogation, a “closed-tray” conformation is formed in the case of undamaged or an
“altered-closed-tray” conformation in the case of damaged DNA. When the “altered-closed-tray” structure
is formed, UvrB is loaded.
Here we used nuclear magnetic resonance (NMR) combined with nucleotide titrations and
principal component analysis (PCA) to interrogate the possibility of different populations of UvrA2 within
solution. Additionally, mass spectrometric results aided in the interpretation of our finding. PCA indicated
a resting, nucleotide free population of UvrA2. A second UvrA2 population is indicated upon nucleotide
binding at the distal ATPase site. Interestingly, our mass spectrometric studies indicate that preferential
damaged DNA binding is not a nucleotide dependent process. However, in the case of undamaged DNA,
a new UvrA2 population can form when adenosine triphosphate (ATP) is included. Other nucleotides did
not result in forming the new population, indicating that all DNA-bound UvrA2 resulted in a single
population except for ATP addition with undamaged DNA. The main DNA bound population does not
match any UvrA2 populations without DNA, indicating that this ATP-UvrA2 -undamaged DNA population
can only form upon ATP hydrolysis.
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2.2.

Introduction

2.2.1.

UvrA overview
UvrA crystal structures have suggested a “closed-tray” and “open-tray” conformation. A

mechanism was proposed for these conformational changes (Pakotiprapha et al., 2012). As part of this
mechanism, UvrA2 binds DNA in its “open-tray” conformation (Pakotiprapha et al., 2012). UvrA2 closes
around the DNA, and forms a “closed-tray” conformation (Pakotiprapha et al., 2012). However, if the
damage is detected, the DNA will be kinked and prevent UvrA2 from forming the “closed tray”
conformation by steric hindrance and instead form a conformation known as an “altered-closed-tray”
conformation (Pakotiprapha et al., 2012; Stracy et al., 2016). Given the current structural and biochemical
evidence in UvrA, an overall DNA-helix shape sensing mechanism, such as the described scanning
mechanism, appears to be the most plausible (Batty & Wood, 2000; Pakotiprapha et al., 2012). It is
necessary to further interrogate UvrA’s DNA discrimination mechanism. One method for such
discrimination is NMR; however, since UvrA2 is such a large system, specific labeling techniques would
be required.

2.2.2.

Isoleucine labeling as a technique for interrogating large systems
NMR is a very useful method to study kinetics, timescales, conformational changes, and other

protein properties. Traditionally, NMR experiments on large protein or large protein complexes are
critically hindered by the large number of residues. More residues proportionally increase the number of
resonances in the spectra and can lead to significant resonance overlap, and, secondly, an increase in
the molecular weight leads to broad signals and poor spectral quality due to enhancement of the
transverse relaxation rate (R2) (Chiliveri & Deshmukh, 2016). The basic methods of overcoming these
issues includes selective labeling and increasing the number of dimensions of the collected data.
However, a triple-resonance experiment often becomes impractical with increased molecular weight due
to poor sensitivity. The poor sensitivity is a direct result from less magnetization surviving through pulse
sequence delays, again as a consequence of rapid transverse relaxation (Chiliveri & Deshmukh, 2016).
By replacing protons (1H) with deuterium (2D), one can significantly decrease relaxation rates of 13C and
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1H,

by 16-fold, thereby increasing sensitivity (Equation 2.1) (Chiliveri & Deshmukh, 2016; Gelis et al.,

2007; Kay, Keifer, & Saarinen, 1992).

[

𝐼𝐻 (𝐼𝐻 +1)

𝛾

2

] ( 𝐻 ) ≈ 16

𝐼𝐷 (𝐼𝐷 ++1)

(Eq. 2.1)

𝛾𝐷

Selective amino acid labeling has also emerged as an ideal method in studying large protein
systems by NMR. One such method is the incorporation of

13C-methyl

groups at the δ1 position in

isoleucine residues (Figure 2.1A) (Chiliveri & Deshmukh, 2016; Clark et al., 2015). A labeled isoleucine is
incorporated into the protein by supplying an α-ketobutyrate precursor, which is altered to isoleucine
using four cellular biosynthesis pathways (Figure 2.1A). Specific labeling of isoleucine residues
significantly reduces the number of methyl groups being studied and opens more possibilities for data
analysis, while allowing the study of larger molecules or complexes. Additionally, the favorable spinrelaxation properties from specific methyl-group labeling in deuterated background can be used for line
narrowing (Alphonse & Ghose, 2018; Korzhnev, Kloiber, Kanelis, Tugarinov, & Kay, 2004; Tugarinov &
Kay, 2004). Therefore, isoleucine labeling can be incorporated into large systems, especially if they are
well dispersed throughout the molecule. The distribution of isoleucine in throughout UvrA2, including
areas predicted to be mobile, especially, in the “open-tray” and “closed-tray” conformations, make
isoleucine an ideal probe for UvrA2. Chemical exchange saturation transfer (CEST) could be used to
further interrogate the conformational changes that UvrA2 is undergoing.

2.2.3.

CEST as a method to interrogate conformational changes
Traditionally, chemical exchange saturation transfer (CEST) experiments are used to detect

“invisible” states using off-resonance radio frequency (RF), by selectively saturating the minor state
(Chiliveri & Deshmukh, 2016). CEST experiments are useful to visualize minor states when the exchange
timescale is 50-500 seconds-1, provided that the chemical shifts of the different states are significantly
different with similar R2 rates (Chiliveri & Deshmukh, 2016; Vallurupalli, Bouvignies, & Kay, 2012; Yuwen
& Kay, 2018). Several studies have reported successful use of CEST experiments to characterize species
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Figure 2.1: Isoleucine as a probe for UvrA dynamics. (A) The process of supplying α-ketobutyrate to
generate specifically labeled isoleucine residues as demonstrated is presented here. The insert
demonstrates the labeling that is used in Geobacillus (G.) stearothermophilus UvrA Δ118-419. Panel A
was generated using ChemDraw (PerkinElmer Informatics) and PyMol (“The PyMOL Molecular Graphics
System,” 2015). (B) The changes using the open-tray structure (Protein data bank [PDB]: 3UX8) in blue
and the closed-tray structure (PDB: 3UWX) in yellow are demonstrated in an overlap fashion by aligning
using α-carbons of the full dimers (Pakotiprapha et al., 2009). (C) and (D) The open-tray structure (PDB:
3UX8) and the closed-tray structures (PDB: 3UWX) are shown with the isoleucines colored as
demonstrated in the A-insert (Pakotiprapha et al., 2009). The images demonstrate the well-dispersed
nature of isoleucine residues throughout all domains examined in the current study. Source: (Clark et al.,
2015). Panels B-D were generated using PyMol. Source: (“The PyMOL Molecular Graphics System,”
2015).
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that interconvert from a highly populated state to a transient state on the millisecond timescale
(Bouvignies & Kay, 2012; Rennella, Huang, Velyvis, & Kay, 2015; Yuwen, Huang, & Kay, 2017). CEST
experiments achieve the capability of examining these slow exchange processes by focusing on
longitudinal magnetization that decays slowly (Vallurupalli et al., 2012; Vallurupalli, Sekhar, Yuwen, &
Kay, 2017).
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2.3.

Materials and methods

2.3.1.

G. stearothermophilus UvrA growth
Plasmids containing G. stearothermophilus UvrA pET24a or UvrA Δ118-419 pET 24a with an N-

terminal histidine-tag were transformed into homemade pLysS (DE3) Rosetta cells. Cells were plated on
plates containing Luria broth (LB), kanamycin (50 micrograms [µg]/mL) and chloramphenicol (50 µg/mL).
Colonies were floated off plate, used to inoculate 1 L of LB supplemented with kanamycin and
chloramphenicol, and grown overnight at 37 °Celsius (C) at 180 rotations per minute (RPM). Culture was
pumped into a fermenter with 9 L of homemade super broth at 37 °C, 450 RPM, and with a flow rate of
0.5 pounds of oxygen supplied. Cells were grown to an OD600 of 2-3 and induced with 1 millimolar (mM)
Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 16°C overnight. Cells were harvested by centrifuging at
3,400 RPM and resuspended in resuspension buffer (50 mM sodium phosphate pH 8.0, 500 mM sodium
chloride, 10 mM Imidazole, and 5 mM β-mercaptoethanol [βME]) at 6 mL/gram (g) and frozen at -80 °C.

2.3.2.

G. stearothermophilus UvrA Δ118-419 labeled growths
A plasmid containing G. stearothermophilus UvrA Δ118-419 pET24A contained an N-terminal

histidine-tag and was transformed into homemade Rosetta II (DE3) cells and plated on plates containing
LB, kanamycin (50 µg/mL), and chloramphenicol (50 µg/mL). Following an overnight incubation at 37 °C,
colonies were floated off the plate, used to inoculate 50 mL of LB supplemented with kanamycin and
chloramphenicol, and grown overnight at 37 °C and 250 RPM. M9 minimal media was prepared in either
H2O or D2O (sodium phosphate dibasic 6.7 g/L, Potassium dihydrogen phosphate 3 g/L, sodium chloride
0.5 g/L, 4mM magnesium chloride, ammonium chloride 1 g/L, 2-3 g [5-8 g/L if unlabeled] glucose, 1 M
calcium chloride, 1 mL/L metal solution 1 [boric acid 2 mM, cobalt II chloride hexahydrate 2 mM,
manganese chloride tetrahydrate 10 mM, sodium molybdate V dihydrate 2 mM, and zinc chloride 10 mM],
1 mL/L metal solution 2 [iron sulfate heptahydrate 50 mM], thiamine 100 mg/mL, kanamycin 50 µg/mL,
and chloramphenicol 50 µg/mL).
A portion of the overnight culture, enough for a starting optical density at 600nm (OD600) at 0.20 in
a 20 mL culture, was spun down at 3,500 RPM for 15 minutes. The liquid was decanted, and the pellet
was resuspended in a 20 mL, 10% D2O M9 culture. After the culture passed an OD600 0.55, the process
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was repeated for 25%, 50%, 75%, and 90% D2O M9 cultures. When the 90% D2O culture surpassed an
OD600 of 0.60, the entire culture was spun down at 3,500 RPM for 15 minutes and resuspended in a 50
mL, 100% D2O culture. The culture grew overnight at 37 °C and 250 RPM. For some growths, the
adaption protocol was skipped, and the LB overnight was resuspended into a D 2O M9 salts overnight
after pelleting.
The following day, the overnight 100% D2O M9 culture was pelleted at 3,500 RPM for 15 minutes,
the liquid was decanted, and the pellet was resuspended into a 500 mL – 2 L 100% D2O M9 culture
supplemented with kanamycin (50 µg/mL), and chloramphenicol (50 µg/mL). For CEST experiments, the
15NH

4Cl

was used in place of NH4Cl. As opposed to M9 media used for D2O adaption, for growth media,

the dextrose was replaced with [1, 2, 3, 4, 5, 6, 6-D7]-D-glucose (Cambridge Isotopes Lab Inc.). Once the
growth culture reached an OD600 of approximately 0.55, α- ketobutyric methyl-13C 3,3-D2 sodium salt and
the culture continued growing at 37 °C. After 30 minutes, IPTG dissolved in D 2O was added to 1 mM and
the culture was placed on ice for 30 minutes. The culture was induced for 24 hours at 16 °C and 250
RPM.
Cells were harvested by centrifuging at 3,500 RPM and resuspended in resuspension buffer (50
mM sodium phosphate pH 8.0, 500 mM sodium chloride, 10 mM Imidazole, and 5 mM βME) at 6 mL/g or
in 40 mL, whichever was the larger volume, and frozen at -80 °C. Plasmid G. stearothermophilus UvrB
pet24a containing a N-terminal histidine-tag and was grown as previously described (Pakotiprapha et al.,
2008).

2.3.3.

G. stearothermophilus UvrA and UvrA Δ118-419 purification
The UvrA clones in resuspension buffer were lysed by defrosting on ice, adding

phenylmethylsulfonyl flouride (PMSF) to 1 mM, and sonicating at 60% for 6 minutes alternating 30
seconds on and off. Proteins were centrifuged at 16,000 RPM and 4 °C for 30 minutes, and the protein
was decanted. Proteins were mixed with nickel beads for 45 minutes and added to a gravity-flow column.
UvrA Δ118-419 was washed with solutions containing the resuspension buffer with 10, 20, or 40 mM
imidazole. UvrA was washed with solutions containing the resuspension buffer with 10, 20, or 50 mM
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imidazole. Protein was eluted using two solutions with resuspension buffer at 250 mM imidazole and
pooled.
UvrA was loaded onto a 15 mL heparin column and was subjected to Buffer A at 250 mM sodium
chloride for 2 column volumes (CVs), an 8 CVs gradient to 2 M sodium chloride, and 2 CVs at 2 M sodium
chloride. UvrA was pooled and concentrated using EMD Millipore Amicon Ultra-14 concentrators with a
50 kilodaltons (kDa) molecular weight cutoff. For UvrA Δ118-419, ammonium sulfate was added until an
end concentration of 1.5 M. UvrA Δ118-419 was loaded onto a 60 mL Macro-Prep Methyl HIC column
(Bio-Rad Laboratories Inc.) and eluted using a gradient, first by a 2 CVs wash at 1.5 M ammonium
sulfate, a 8 CVs gradient from 1.5 M to 0.0 M ammonium sulfate, and a 2 CVs wash at 0.0 M ammonium
sulfate.
Proteins were loaded onto a 320 mL SuperDex200 column and pre-equilibrated with their
respective SEC Buffers (UvrA: 25 mM tris[hydroxymethyl]aminomethane hydrochloric acid [TRIS-HCl] pH
7.4, 400 mM sodium chloride, and 5 mM βME; UvrA Δ118-419: 25 mM TRIS-HCl pH 7.4, 600 mM sodium
chloride, and 5 mM βME). Proteins were concentrated using the previously described concentrators.
Concentrations were determined by using the average of three A280 measurements from a nanodrop
instrument and using the molecular weight (UvrA: 107,823.61 Dalton [Da], UvrA Δ118-419: 73,609.9 Da)
and extinction coefficients (UvrA: 63,150 M-1 cm-1, UvrA Δ118-419: 36,790 M-1 cm-1) as calculated by
ExPasy ProtParam (Gasteiger et al., 2005).

2.3.4.

DNAs used
All DNAs used were 32 base pairs long, except a 50-mer used in ATPase experiments (Figure

2.2). DNAs were either undamaged, had a centralized fluorescein as a large bulky damage, or had a 3
base pair mismatch, where proper Watson-Crick base pairing was not possible. DNAs were ordered from
Integrated DNA Technologies (IDT) with standard desalting, except the DNA strand containing
fluorescein, which was HPLC purified. Duplexing was completed by mixing DNA strands at a 1:1 molar
ratio, heated to 95 °C in a heating block for 10 minutes, and then the heating block was turned off and the
sample was allowed to cool to room-temperature.
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Figure 2.2: DNA duplexes used in NMR and mass spectrometry. Two separate damages were used,
a central 3 base pair mismatch and a central fluorescein lesion, each 32 base pairs long. Also, an
undamaged 32 base pair duplexed DNA was used. Finally, a central 3 base pair lesioned DNA 50 base
pair duplexed DNA was used for ATPase experiments.

2.3.5.

NMR experiments
All NMR spectra were acquired on Bruker spectrometers operating at 700 or 800 MHz, using a

cryogenically cooled probe, and operating at 25 °C. All probes were capable of applying pulsed-field
gradients along the z-axis. All samples were in NMR buffer (25 mM TRIS-HCl pH 7.4, 600 mM sodium
chloride, and 5 mM βME). Samples also contained 5-7% D2O for locking in heteronuclear single quantum
coherence (HSQC) experiments, whereas samples were exchanged into NMR buffer containing
approximately 90% D2O for CEST experiments. A 1H CEST-profile with a resolution of 0.05 ppm (40 Hz)
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was obtained by progressively irradiating, for 0.4 seconds, the 1H–methyl region between 0.1 and 1.19
ppm with a B1 field of 35 Hz. All experiments were processed with NMRPipe and analyzed with NMRView
(Delaglio et al., 1995; B. A. Johnson, 2018).

2.3.6.

T. maritima UvrA protein growth and purification
Plasmids containing with Thermotoga (T.) maritima UvrA with an N-terminal histidine-tag in

pET11a were transformed into homemade Rosetta (DE3) pLysS cells. Transformations were plated onto
agar plates containing LB and supplemented with chloramphenicol (34 µg/mL) and ampicillin (100 µg/mL)
and incubated overnight at 37 °C. Colonies were floated into 1 L of LB supplemented with the same
antibiotics and incubated overnight at 37 °C and 180 RPM. Overnight cultures were added to 9 L of super
broth (homemade) in a fermenter at 37 °C, 450 RPM, and with a flow rate of 0.5 liters per minute of
oxygen supplied. Growths were incubated until an OD600 of approximately 3.00 and induced with 1 mM
IPTG. Growths were induced overnight at 16 °C and harvested at 3,600 RPM. Pellets were resuspended
at 6 g/mL using harvesting buffer (40 mM sodium phosphate pH 7.0, 5 % glycerol, 1.4 βME, and 500 mM
sodium chloride) and frozen at -80 °C.
Cells were defrosted on ice and PMSF was added to 1 mM. UvrA was heat shocked at 55 °C for
30 minutes and placed on ice for 10 minutes. UvrA was ultra-centrifuged for 1 hour at 26,000 RPM at 4
°C. Protein was decanted, sodium chloride was increased to 1 M, 10% polyethylenimine (PEI) was added
dropwise to 0.5%, and the sample was mixed at room-temperature for 30 minutes. Mixture was
centrifuged for 30 minutes at 4 °C and 16,000 RPM. Protein was decanted and saturated ammonium
sulfate was added to 65% and mixed at room temperature for 5 minutes. Protein was centrifuged as
before, and the pellets were resuspended in resuspension buffer supplemented with 10 mM imidazole
and 0.5 M sodium chloride.
Proteins were mixed with nickel beads for 45 minutes and added to a gravity-flow column. UvrA
was washed with solutions containing the resuspension buffer at 10, 20, and 40 mM imidazole. Proteins
were eluted with resuspension buffer supplemented with 250 mM imidazole. UvrA was diluted until the
sodium chloride concentration was 100 mM using buffer A (25 mM TRIS-HCl pH 7.5 and 5 mM βME).
UvrA was loaded onto a pre-equilibrated 10 mL heparin-column. UvrA was eluted by running a program
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with buffer A with 2 CVs at 100 mM sodium chloride, an 8 CVs gradient to 1.6 M sodium chloride, and 2
CVs at 1.6 M sodium chloride. Protein was pooled and concentrated using EMD Millipore Amicon Ultra-14
concentrators with a 30 kDa molecular weight cutoff. UvrA was loaded onto a 320 mL SuperDex 200
column pre-equilibrated with size-exclusion buffer (20 mM [4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid] [HEPES] pH 7.0, 5% glycerol, 1 mM dithiothreitol (DTT), and 400 mM sodium chloride). Proteins
were eluted by running the column for 1 CV. UvrA was pooled after their respective runs and
concentrated using the previously described concentrators until approximately 60.0 µM. Proteins were
flash frozen in liquid nitrogen and stored at -80 °C. For cryo-electron microscopy studies, protein was
mixed in a 1 mole UvrA dimer: 1.2 DNA duplex using a 32-mer with a 3 base pair mismatch. The mixture
was in (20 mM TRIS-HCl pH 7.4, 150 mM sodium chloride, 5% glycerol, 5 mM βME, 5 mM magnesium
chloride, and 1 mM ATP). After a 15-minute cold room incubation, protein-DNA mixture was concentrated
to 15 µM.

2.3.7.

ATPase assays
All experiments were completed using a clear 96-well plate. The first well always contained water

as a blank for the plate. Protein was tested at 200 nM concentrations in ATPase buffer (50 mM
potassium-HEPES pH 7.5, 150 mM potassium acetate, 8 mM magnesium acetate, 5 mM βME, bovine
serum albumin [BSA] 250 µg/mL, ≥0.3 mM nicotinamide adenine dinucleotide [NADH], 2 mM
phosphoenolpyruvate, 1.9 units lactate dehydrogenase, and 1.5 units pyruvate kinase). In experiments
containing DNA, a 50 base pair duplex with a central 3 base pair mismatch was used at 200 nM (Figure
2.2). After mixing all ingredients, plate was left at testing temperature for 5 minutes. After the mixture
equilibrated to the correct temperature, ATP was added to 2 mM. Measurements were completed using
the pre-programed program “Kinetic NAD(P)H Assay with PathCheck”, version 1.2, on a M5 SpectraMax
instrument from Molecular Dynamics. The protocol determines the pathlength in each well as a first scan
through the plate. Afterwards, each well is scanned every 30 seconds for a total of 30 minutes. The
results were graphed using Excel and the slope was used and corrected using the pathlength. The
turnover number was determined by dividing the slope with the extinction coefficient of NADH (6,220 M -1
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cm-1), the result was background corrected using a well with protein buffer, and the turnover number was
calculated by then dividing by the concentration of protein.

2.3.8.

Native mass spectrometry
Native mass spectrometry of all samples was carried out at variable protein, nucleotide, and DNA

concentrations. DNA duplexes used were 32 base pairs and either undamaged or had a centralized 3
base pair mismatch as indicated above. Proteins were buffer-exchanged before the experiment into MS
buffer (450 mM ammonium acetate pH 7.5, 0.5 mM magnesium acetate, and 0.01% Tween-20), using a
Zeba microspin desalting column (Thermo Scientific) with a 40 kDa molecular weight cut-off. Proteins
were typically mixed, except where indicated, prior to buffer exchange. An aliquot of 2-3 µL of the bufferexchanged sample was loaded into an in-house developed fabricated gold-coated quartz capillary, the
sample was sprayed into an Exactive Plus EMR instrument (Thermo Fisher Scientific) using a static
nanospray source. Several mass spectrometric parameters used were 1.0-1.4 kV spray voltage, 100 °C
capillary temperature, 10 V in-source dissociation, 200 S-lens RF level, 8,750 at m/z of 200 resolving
power, 0.5-3 x106 AGC targets, 5 micro-scans, a 200 milli-scans maximum injection time, 8 V injection
flatapole, 4 Vs interflatapole 4 °C, 4 V bent flatapole, 200 Vs high-energy collision dissociation, 8-9 x 10-10
mbar ultrahigh vacuum pressure, and 100 total scans. The instrument was mass-calibrated using cesium
iodide. The native mass spectra were visualized using Thermo Xcalibur Qual Browser (version 3.0.63)
and deconvoluted manually. All mass spectrometry data were measured and deconvoluted in the
laboratory of Brian Chait, Ph.D., at the Rockefeller University.
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2.4.

Results

2.4.1.

Native mass spectrometry data

2.4.1.1. Titrations in the presence of undamaged DNA
A DNA titration with T. maritima UvrA was completed, where ATP was in the sample prior to
buffer exchange. We were able to deconvolute the data and determine the number of nucleotides bound
to UvrA2 (Figure 2.3). As expected, when no ATP was provided prior to buffer exchange, nucleotide is not
found bound to UvrA2. UvrA2 unbound to nucleotide was not present when ATP was included in the
solution prior to buffer exchange. The most populated state was four nucleotides bound to UvrA2 in the
absence of DNA binding. However, when UvrA2 was bound to DNA, the most populated states of UvrA2
was when two or three nucleotides were bound. In all cases, adenosine diphosphate (ADP) was bound.
The determination that ADP was bound was based solely off the determined molecular weight.
Interestingly, when UvrA2-DNA binding was examined using undamaged DNA, two DNA duplexes were
bound (Figure 2.3).
Following our initial observations, we included ATP in the post-buffer exchange buffer at 10 µM. It
should be noted at experimental concentration’s, 5 µM UvrA dimer and 10 µM ATP, there is less ATP
than ATPase sites. UvrA has four ATPase sites per dimer, meaning that at 5 µM dimer, there is 20 µM
ATPase sites, resulting in a 2:1 ratio of moles of UvrA ATPase site to moles of ATP. Therefore, all ATP
would be unable to exchange for fresh ATP. A higher concentration of ATP could not be used due to
issues in deconvoluting the spectra (data not shown). The lower concentration of ATP allowed us to
properly determine the number of nucleotides bound and made clear the number of DNAs bound.
Interestingly, comparing the addition of ATP when ATP was not included prior to buffer exchange, all
UvrA2 was bound to DNA and there was a significant shift to two DNAs being bound. This trend was
similar when ATP was also included pre-buffer exchange. Oddly, results changed significantly when 3x
DNA was included. When ATP is included pre-buffer exchange and not included post-buffer exchange,
UvrA is bound, mostly to two DNAs. However, upon the addition of 20 µM ATP (1 ATPase site: 1 ATP
ratio), nearly all DNA was released, leaving UvrA2 DNA-free and in mostly a four ADP bound state. The
results suggest ATP plays a role in the release of undamaged DNA.
When ATP was included post-buffer exchange but not pre-buffer exchange, the one DNA bound
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Figure 2.3: Mass spectrometric analysis of UvrA with undamaged DNA. Several conditions were
tested looking at UvrA binding to an undamaged 32-mer DNA duplex. UvrA, DNA, and ATP were mixed
prior to buffer exchange (BE), unless otherwise indicated. Several interesting results include the binding
of UvrA to two DNAs, and that ATP plays a role in releasing undamaged DNA.

state went from zero ADPs bound to mostly two and a small sample of one ADPs bound. In the two DNA
bound state, the main population remained bound to zero ADPs, with a subset bound to one ADP. When
100 µM ATP was included prior to buffer exchange and with a UvrA dimer to one undamaged DNA ratio,
the DNA unbound state had nearly equally populations of UvrA2 with two, three, and four ADPs bound.
When ATP was added post-buffer exchange, the main population was bound to four ADPs, with smaller
subsets at two and three ADPs bound. The one DNA bound state was mainly bound to two ADPs, with
approximately 30% in a three ADP bound population.
When ATP was included prior to buffer exchange, UvrA2 was bound to either two, three, and four
ADP bound states, with three ADP bound being the main population and four ADP bound population
being the lowest. In the two DNA bound UvrA2 population, when ATP was not included after buffer
exchange, the main state had two ADPs bound with a small shoulder with three ADPs bound. When ATP
was included after buffer exchange, a two DNA bound UvrA2 population remained visible, but the number
of nucleotides bound could not be determined. The no DNA bound UvrA2 population had very small
amounts of two, three, and four ADPs bound. When ATP was included after buffer exchange the main
state was four ADPs bound with a small shoulder for three ADPs bound. In both conditions, the number of
ADPs bound could not be determined for the one DNA bound state. In the two DNA bound state, the main
state was two ADPs bound, with nearly 40% being three ADPs bound. When ATP was included after
buffer exchange, the number of ADPs bound could not be determined due to the low intensity of the peak.
Additionally, an adenosine 5'-[y-thio]-triphosphate (ATPγS) titration was completed with UvrA2 in
the presence of DNA (Figure 2.4). Like previous data, UvrA2 binding to no DNA, one DNA, and two DNA
was observed. Unfortunately, the number of nucleotides bound could not be distinguished. Interestingly,
in all cases with ATPγS, the main population remained unbound UvrA2. Indeed, when ATPγS was present
in buffer prior to buffer-exchange, the one and two DNA bound populations are reduced dramatically.
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Oddly, when increasing from 300 to 1,000 µM ATPγS, the one and two DNA bound populations increase
by 2x. However, when 20 µM ATPγS was included after buffer exchange, the one DNA bound population
decreases by approximately 66%. The two DNA bound state decrease to a point where it becomes
difficult to observe, a decrease to nearly 10%.

Figure 2.4: Analysis of an ATPγS titration with UvrA and undamaged DNA by Mass Spectrometry.
ATPγS addition during DNA and UvrA mixing was also analyzed, with one condition examining nucleotide
addition post-buffer-exchange (BE). Again, 2 undamaged duplexed DNAs are shown binding to UvrA, an
anomaly not seen with damaged DNAs. The number of nucleotides could not be deconvoluted, likely due
to the higher ammonium acetate needed to prevent UvrA precipitation after ATPγS addition.

2.4.1.2. Titrations in the presence of damaged DNA
To further understand UvrA2 binding to DNA, a titration with a centralized 3 base pair mismatch of
a 32-duplex was completed (Figure 2.5). Interestingly, all samples, with DNA concentrations 1x, 1.2x, and
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1.5x compared to UvrA2 had 100% DNA binding. Indeed, no unbound UvrA2 could be detected. An ATP
titration was also attempted to gain further understanding to DNA binding. All conditions indicated 100%
DNA binding, independent of nucleotide addition (Figure 2.5). When 150 µM ATP was included prior to
buffer exchange, there appeared to be a small unbound population. However, this sample had spraying
difficulties, exacerbated by possible sample quality issues.

Figure 2.5: Analysis of an ATP titration with UvrA and damaged DNA by mass spectrometry. ATP
addition prior to buffer-exchange (BE), except where indicated, during 3 base pair mismatch DNA and
UvrA mixing is shown here. With excess ATP, three nucleotides are shown as bound and when a small
amount of ATP is included after buffer-exchange four nucleotides are bound. Unfortunately, due to known
issues with mass-spectrometry, higher ATP concentration post-buffer-exchange could not be analyzed.

The number of nucleotides bound to UvrA2 should also be noted (Figure 2.5 and table 2.1). Prior
to DNA addition, it appears as if a single nucleotide is bound to UvrA 2, while DNA addition brings the
UvrA2 nucleotide state to zero nucleotides bound. Inclusion of 30 µM ATP brings the main UvrA 2-DNA
population to two nucleotides bound, with approximately 33% bound to one nucleotide. When 150 and
300 µM ATP were included prior to buffer-exchange, the main UvrA2 was bound to three nucleotides. In
both instances, two other states were present with two and four nucleotides bound, respectively.
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Table 2.1: Number of nucleotides bound during ATP titration to UvrA with damaged DNA. Sample 1
correlates to the bottom panel, sample 2 in the third from the bottom panel, sample 3 in the third from the
top panel, sample 4 in the second from the top panel, and 5 sample in the top panel in Figure 2.5B.
Mass (Da)
Difference
ATP postSample

ATP pre-BE

from
Measured

BE

# ADP

#ATP

previous
peak

1

2

3

4

5

0

30

150

300

300

0

235,763±44

N/A

0

0

236,168±16

405

1

0

236,582±16

414

2

0

236,567±15

N/A

2

0

236,987±10

420

3

0

237,439±10

451

4

0

236,580±14

N/A

2

0

236,996±11

415

3

0

237,390±24

394

4

0

237,470±29

80

3

1

0

0

0

10

Lastly, a condition was tested where 10 µM ATP was included. The concentrations, as in the
previous section, had a one mole UvrA ATPase site to 0.5 ATP ratio, meaning there was not enough ATP
present in the condition to fill all of UvrA’s ATPase sites. However, higher ATP concentrations could not
be used while maintaining the ability to distinguish ATP and DNA binding. Within the last state where 10
µM ATP was included post-buffer-exchange, all ATPase sites were filled with nucleotide. Estimated
masses suggested that the nucleotide sites were filled with three ADPs and a single ATP. There did not
appear to be any shoulders indicating lower masses, such as four ADP states, or lower nucleotide binding
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sites being present. There was a shoulder indicating a possible higher molecular weight which could be
explained by the presence of more than a single ATP molecule.
Next, an ATPγS titration was also attempted (Figure 2.6). All samples including DNA demonstrated
nearly, if not complete, DNA binding. When 30 µM ATPγS was present prior to buffer-exchange, two
samples were tested, where one sample showed only two nucleotides binding and the second sample
showed mainly two nucleotides binding and a lower population of four nucleotides binding. When the
ATPγS concentration was increased to 300 µM prior to buffer-exchange, a nearly equal amount of two
and four nucleotides bound with a small amount of three nucleotides bound was visible.

2.4.2.

ATPase data
G. stearothermophilus UvrA ATPase activities were examined in the presence of 3 base pair

mismatched DNA and in the absence of DNA (Figure 2.7). To further analyze the UvrA ATPase sites, a
Walker A lysine (K) residue was replaced with an alanine (A) in either the proximal (K37A), the distal
(K643A), or both. When the Walker A K is replaced, binding to nucleotide is disrupted in that site.
Additionally, Walker B mutants, allowing nucleotide binding but not hydrolysis, were examined.
First, the ATPase data is examined in the absence of DNA. Wildtype G. stearothermophilus UvrA
and E854Q, a mutant causing ATP binding but not hydrolysis, had similar activities, while the K643A
mutant, distal site no longer binds ATP, have a lower turnover number, reduced by 52.8%. Concerning
the proximal site ATPase site, the K37A mutant, preventing ATP from binding at the proximal site,
reduces ATPase activities significantly, being only 8.51% ATPase active. The E512Q mutant has
significantly reduced activity, and only retains 34.0% ATPase activity. Next, the K37A/K643A mutant
produced an ATPase dead enzyme, having a negligible turnover number of 0.2

(moles of ATP)
(minutes)×(moles of protein)

.

The E512Q/E854Q UvrA mutant has low activity, being slightly higher than the K37A mutant and retaining
13.8% ATPase activity compared to the wildtype.
Next, UvrA2 in the presence of damaged DNA was examined to determine key trends for
understanding the use of ATP for integrating DNA and determining any clues in the scanning activities of
UvrA2 (Figure 2.2). The wildtype UvrA2 ATPase turnover numbers increased by nearly threefold. First, the
distal ATPase site ATPase mutants, K643A and E854Q, had similar activity reductions, reduced to 17.1
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Figure 2.6: Analysis of an ATPγS titration with UvrA and damaged DNA by mass spectrometry.
ATPγS in the presence of 3 base pair mismatch DNA demonstrated that UvrA dimers prefers to bind nonhydrolyzed ATP in pairs. Therefore, it is likely that either both proximal sites are binding, followed by both
distal sites or a proximal and distal site from a single UvrA monomer are binding to non-hydrolyzed ATP
at a time, followed by the second UvrA monomer in the dimer.

and 20.4% ATPase activities, respectively, compared to wildtype UvrA2 with DNA. The proximal ATPase
mutant K37A had a similar turnover number as the same mutant without DNA, and it retained 2.57%
ATPase activity as compared to wildtype UvrA2 in the presence of DNA. The proximal site mutant E512Q
retained the largest turnover number for mutants in the presence of DNA and retained 70.6% ATPase
activity. The E512Q/E854Q had similar results as compared to the same mutant without DNA and
K37A/K643A had a nearly dead ATPase activity, retaining only 2.91% ATPase activity.
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Figure 2.7: ATPase analysis of UvrA mutants and damaged DNA. G. stearothermophilus ATPase
assay using Walker A mutants preventing ATP binding to the proximal (K37A) and to the distal (K643A)
sites. Also, Walker B mutants preventing hydrolysis at the proximal (E512Q) and the distal (E854Q) sites.
Double mutants and the K37A show a dead or nearly dead enzyme, whereas K643A shows similar
turnover with and without DNA addition. However, E512Q shows nearly a 6-fold increase in the turnover
number with the addition of DNA. When studying E854Q, there is a slight decrease in the turnover
number with the addition of DNA. Finally, examining wild-type (WT) UvrA, an approximate 3-fold increase
in the turnover number is demonstrated with the addition of DNA.

2.4.3.

NMR data

2.4.3.1. NMR overview
Several spectra were collected using a previously designed construct, G. stearothermophilus
UvrA Δ118-419, which removes the UvrB binding domain and part of the signature I domain
(Pakotiprapha et al., 2012). The truncated construct was reported to remain as a dimer, retain DNA
binding activities, and have 20% of wild-type ATPase activities (Figure 2.8) (Pakotiprapha et al., 2012).
The truncated form was used due to the smaller mass, allowing simplified spectra, and the truncation
yielder better inductions (data not shown). To additionally simplify the spectra, an isoleucine labeling
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mechanism was utilized, where the 44 isoleucines out of the 670 residues are labeled (6.57%) (Figure
2.1). Several isoleucine residues were near DNA and were expected to show differences during DNA
binding experiments (Table 2.2).

Figure 2.8: UvrA domain and Δ118-419 description. The domains of UvrA are demonstrated along with
the demonstration of the residues that are removed in the NMR experiments (118-419). Additionally, the
dimerization is unaffected by the removal of the selected residues for the NMR experiment. Source:
(Pakotiprapha et al., 2012).

Additionally, mutants, K37A, K643A, or K37A+K643A, preventing ATP binding to the proximal,
distal, or both sites, respectively, were studied in several experiments. Different nucleotide states were
examined, with no nucleotide, ADP, ATP ATPγS, and β, γ-methylene adenosine 5′-triphosphate (AMP-
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Table 2.2: UvrA isoleucine distance from DNA. Numbers indicate the number of isoleucine residues 5
Å, 10 Å, and 15 Å from DNA in the open-tray structure (PDB: 2R6F), the closed-tray structure (PDB:
3UWX), the damaged DNA bound UvrA structure (PDB: 3PIH), and the already truncated form (PDB:
3UX8) (Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012).
Number of isoleucine’s in UvrA chain A Δ118-419
Distance (Å)

PDB: 2R6F

PDB: 3UX8

PDB: 3UWX

PDB: 3PIH

5

4

0

4

0

10

8

4

8

4

15

10

7

10

10

PcP) being supplied in the experimental buffer. It should be noted that all samples were extremely
viscous, but when nucleotide was added to the solutions, the samples were noticeably less viscous,
although not forming gel. Additionally, a CEST experiment was completed in order to confirm the
conversion of two UvrA2 populations in solution.

2.4.3.2. Mutant examination with different nucleotides in the absence of DNA
Considering G. stearothermophilus UvrA Δ118-419 in the presence of different nucleotides, there
were three visible different states based on peak location (Figure 2.9). Due to the lack of assignments,
visible differences in the spectra will herby be indicated as different states. The first state is the condition
without any nucleotide added (Figure 2.9B). The no nucleotide state has several resolved peaks with a
“blob” in the middle, likely composed of several peaks. When ADP was added, several peak perturbations
were visible (Figures 2.9C and 2.9D). When ATP was added, very similar spectral changes were
observed compared to the no-nucleotide-added spectra (Figures 2.9C, 2.9D, 2.9E, and 2.9F). Similarly,
ADP and ATPγS produced had similar spectra (Figures 2.9C, 2.9G, and 2.9H). Therefore, ADP, ATP, and
ATPγS displayed very similar spectra, with very few differences being noted, indicating these three
complexes formed a second state (Figure 2.9I). Oddly, AMP-PcP addition produced a third state, visibly
separate from other nucleotide conditions (Figure 2.9J). The presence of a third state is especially
apparent when compared to states one and two (Figures 2.9K, 2.9L, and 2.9M). Understanding that there
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were three states, the three previously discussed mutants were examined to understand how the different
mutants could indicate which ATPase site was causing differences.

Figure 2.9: Classification of NMR spectra from nucleotide based UvrA studies. By visual
examination, three different states are demonstrated in the UvrA Δ118-419 spectra. Contradictory to
mass-spectral experiments, ATPγS forms a similar state as ADP and ATP, suggesting that ATPγS forms
an ADP bound state in UvrA. However, over the course of the experiment, ATPγS, and any nucleotide
uses, can be hydrolyzed. Therefore, ADP, ATP, and ATPγS can be representative of ADP bound states
simply because the solution contains mostly ADP by the end of the experiment. AMP-PcP addition forms
an entirely separate state, indicating a possible ATP-bound type state. However, it is also possible that
AMP-PcP is simply behaving different than other nucleotide used and may not represent a true ATPbound state.

Nucleotide addition was similar in examining different ATPase mutations: the proximal K37A
mutant, the distal K643A mutant, and both sites mutated as K37A and K643A. Unsurprisingly, the
majority of the peaks were similar when no nucleotide was added to the different mutants (Figure 2.10A).
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Close examination yielded minor differences (Figure 2.10B). These differences could be explained by the
mutants not co-purifying with nucleotide, while the truncated form does.

Figure 2.10: UvrA ATPase mutant examination without nucleotide by NMR. Spectra of wild-type
(black), a Walker A proximal mutant (K37A) (red), a Walker A distal mutant (K643A) (blue), and a double
mutant with both the proximal and distal sites (K37A/K643A) sites mutated is shown in yellow. All spectra
were collected without the addition of nucleotide. Mutants were used in an attempt to determine whether
certain peaks are moving due to a specific ATPase site. (B) Shown in light-blue boxes, are peaks that
appear to be sensitive to mutations.

Upon examination of ADP addition to the different constructs used, several differences should be
noted (Figures 2.11A and 2.11B). By a visible examination, the K643A clone appears to be the most
similar to the non-mutated truncated form (Figure 2.11C). There are some exceptions as detailed, where
a peak has disappeared, and some small movements are noted. Visual analysis did not yield information
on which previously mentioned state the ATPase mutants with ADP added NMR spectra were in.
Next, ATP addition with the clones discussed demonstrated similar findings (Figure 2.12A). As
before some differences are noted, despite the K643A mutant being the most similar to the wild-type
truncation. Peak changes are noted once again (Figure 2.12B). It should be noted that the time-course of
the experiment is several hours, and varies by sample concentration and quality, and it is extremely likely
that all ATPase active samples hydrolyze the ATP before the completion of the experiment. ATPγS
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Figure 2.11: UvrA ATPase mutant examination with ADP by NMR. The same coloring scheme as in
Figure 2.10 for the different mutants is used here. The samples contained ADP. Spectra showed more
movement then the non-nucleotide added spectra. (B) Some movements, two being similar to Figure
2.10, are boxed in light blue. (C) The distal site had significant differences, and so is shown alongside
wild type here so the differences can be more fully appreciated.

addition was also attempted, but as previously noted shared remarkable similarity with ADP- and ATPadded samples, and, thus, is not further discussed here (Figures 2.12C and 2.12D).
Finally, AMP-PcP addition was attempted to the examined clones, and again some differences
are noted between mutants (Figures 2.13A and 2.13B). Oddly, all clones were remarkably similar. An
area where three peaks may have been exchanging between states, only had one peak and a possible
second peak near noise level (Figure 2.13C). When comparing nucleotide addition across mutants, with
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Figure 2.12: UvrA ATPase mutant examination with ATP or ATPγS by NMR. Mutant and wild-type
spectra are shown in the same colors as used in Figure 2.10. (A) and (B) Spectra were collected in the
presence of ATP. (C) and (D) Spectra were collected in the presence of ATPγS. (B) and (D) Differences
are again boxed in light blue to demonstrate more visibly notable peak differences between spectra.

the exception that few changes are seen with nucleotide addition to the K37A/K643A mutant (Figure
2.14).
Finally, AMP-PcP addition was attempted to the examined clones, and again some differences
are noted between mutants (Figures 2.13A and 2.13B). Oddly, all clones were remarkably similar. An
area where three peaks may have been exchanging between states, only had one peak and a possible
second peak near noise level (Figure 2.13C). When comparing nucleotide addition across mutants, with
the exception that few changes are seen with nucleotide addition to the K37A/K643A mutant (Figure
2.14).
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Figure 2.13: UvrA ATPase mutant examination with AMP-PcP by NMR. Mutant and wild type spectra
are shown with the same coloring scheme as in Figure 2.10. All spectra were collected in the presence of
AMP-PcP. (B) All key differences are shown in a light blue box. (C) Several spectra have three different
peak locations within the black box. Interestingly, the all mutant spectra with AMP-PcP have a single peak
within the black box region.

2.4.3.3. Analysis of NMR spectra using chemical shift perturbations
Within the afore-mentioned spectra, an analysis was attempted by subjectively giving peak
designations and plotting the chemical shift perturbations (Δδ, in ppm) for each peak (Figure 2.15). In
order to perform the analysis, peaks had to be picked, and subjectively matched (Table 2.3) based on
proximity. Using G. stearothermophilus Δ118-419 with ADP as a baseline, K37A, K643A, and
K37A/K643A in the presence of different nucleotides were analyzed. The largest Δδ values were
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Figure 2.14: UvrA ATPase mutant and nucleotide examination by NMR. Spectra with no nucleotide
added is shown in green, ADP added in black, ATP added in blue, ATPγS in red, and AMP-PcP added in
light blue. The spectra from mutants are shown here with the different nucleotide conditions added to gain
a perspective of any changes influenced.

observed in previously mentioned peaks, here designated as peaks BX, BY, and BZ (Figure 2.13C). The
most promising peaks were E, Q, R, S, T, AA, AB, AC, AD, AH, AI, AJ, AU, AV, AX, BF, BJ, BM, BQ, BR,
and BS. These peaks are designated as the most promising because they show differences across
different nucleotides added.
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Figure 2.15: UvrA mutant and nucleotide NMR spectra analysis by Δppm. Peaks were assigned
numbers based on visual analysis across the different spectra. The Δppm was determined for the
different peaks in the different spectra using equation 2.2. An understanding of how peaks were changing
given different nucleotides or different mutants was sought here.

2

Δ𝑝𝑝𝑚 = √[(𝑝𝑝𝑚(𝐻)𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ) − ((𝑝𝑝𝑚(𝐻)𝑓𝑖𝑛𝑎𝑙 )) ] − [(

1
3.94

) × (𝑝𝑝𝑚(𝐶)𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ) − (𝑝𝑝𝑚(𝐶)𝑓𝑖𝑛𝑎𝑙 )]

2

Eq 2.2

2.4.3.4. Nucleotide addition to UvrA2 with fluorescein lesioned 32-mer DNA
Next, nucleotide addition was attempted with UvrA2 after binding to damaged DNA (Figure
2.16A). With damaged DNA, ADP and AMP-PcP addition were attempted (Figure 2.16B). Comparing the
two new nucleotide states in the presence of damaged DNA with the previously described spectra of
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Table 2.3: Peaks and spectra collected. The number of peaks analyzed in each spectrum that was
collected. Spectra typically around 40 peaks, ranging up to 57 peaks. The spectra with damaged DNA
and AMP-PcP had the most peaks.
Protein

No Nucleotide

ADP

ATP

ATPγS

AMP-PcP

Wild type

39

44

44

47

45

K37A

41

41

50

37

41

K643A

41

41

40

51

41

K37A/K643A

41

39

38

39

40

Undamaged DNA

N/A

51

45

N/A

41

Damaged DNA

N/A

49

N/A

N/A

57

UvrA2 without added nucleotide or DNA yields interesting clues into the present peak changes (Figure
2.16C). Oddly, a large majority of peaks appeared to have a downfield shift. However, this shift was not
consistent enough to correct the spectra, suggesting alignment with the reference may be an issue. The
spectra had several disappearances, appearances, and movements of peaks; without site-specific
assignments, an understanding of these changes can only be speculative.

2.4.3.5. Nucleotide addition with UvrA2 in the presence of an undamaged 32-mer DNA
UvrA2 with undamaged DNA in the presence of ADP, ATP, and AMP-PcP was also examined
after determining UvrA2 was binding to DNA (Figures 2.16A and 2.17A). Interestingly, the spectra with
ADP and the spectra with ATP were quite similar, indicating minor differences between the UvrA2
populations present (Figure 2.17B). Comparing ADP and ATP spectra with undamaged DNA compared to
spectra with ADP suggests several movements, and a possible different species (Figure 2.17C). Also,
several peak disappearances are visible in the spectra. At the same time, several peaks do not display
chemical shift changes between spectra, indicating some similarities. Examination suggests that several
of the peaks have very little movement despite the addition of DNA. Again, there are peak movements,
disappearances, appearances, or shifts, but the overall distribution of peaks in the spectra remains
similar.
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Figure 2.16: Damaged and undamaged DNA binding by UvrA and the resulting NMR spectra. (A)
Agarose gel analysis indicates that mixing UvrA with damaged an undamaged DNA causes a gel shift,
suggesting that UvrA binds to DNA. M stands for marker, F for fluorescein lesioned DNA, and U for
undamaged DNA. (B) and (C) UvrA bound to fluorescein damaged DNA in the presence of 1 mM ADP in
black, 1 mM AMP-PcP in pink, and UvrA without DNA with 1 mM ADP in light green.

2.4.3.6. PCA of HSQC experiments without DNA
To further analyze HSQC NMR data of UvrA2 in the absence of nucleotide, ADP, ATP, ATPγS,
and AMP-PcP, a principal component analysis (PCA) was completed (Figure 2.18). The number of
components to analyze were based on the eigenvalues (Figure 2.18A). Analysis suggested that the first
two components would be the most significant, while the rest plateaued, indicating their results were less
significant (Figure 2.18A). The third component was slightly higher than the plateau and was also
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Figure 2.17: Analyzing damaged and undamaged DNA binding by UvrA using NMR. UvrA with
undamaged DNA with 1 mM ADP included (black), 1 mM ATP (light blue), 1 mM AMP-PcP (pink), and
UvrA in the absence of DNA with 1 mM ADP (green). Again, a leftward shift should be noted. (A) All
undamaged bound UvrA spectra are shown here, (B) UvrA undamaged bound spectra with ADP and ATP
are shown here, and (C) all spectra including one without DNA is shown here.

analyzed; however, no new findings could be interpreted by including the third component (data not
shown). Interestingly, the PCA revealed minimally two distinct populations (Figures 2.18B and 2.18C).
Due to the spread-out nature of the second population within the PCA, it is possible that there are two
populations within that second grouping. The first population was composed of the truncated wild-type
UvrA2 and the K643A mutant with ADP, ATP, and ATPγS. The second population comprised of all
remaining samples. The analysis reveals two distinct populations as was previously described, and the
results clearly indicate that the K37A and K37A/K643A prevent UvrA 2 from forming the first population.
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Figure 2.18: PCA of NMR spectra without DNA. (A) Eigenvalues suggests that the first two
components should be studied. The third component is slightly raised above the baseline, suggesting it
may need further scrutiny. (B) The two component values are graphed. (C) The graph of component
values suggests at least two separate populations; population 1 is the same as state 2 in Figure 2.9. (C)
Population 2 is more difficult to understand. We have subjectively separated this population into
Population 2A, which includes wild-type with AMP-PcP, which was placed in State 3 in Figure 2.9. Further
analysis will need to be conducted to understand how wild-type with AMP-PcP fits with these other
spectra.

2.4.3.7. PCA of HSQC experiments of all samples
A PCA was completed of all samples including those containing undamaged and damaged DNA.
The spectra analyzed here are summarized in Table 2.4. Unlike the nucleotide only data sets, the
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eigenvalues suggested that the first three components were the most significant and are analyzed here
(Figure 2.19A). Component four was slightly above the plateau; however, analysis did not reveal any
further significant findings (data not shown). A three-dimensional plot of the three components
demonstrates four separate populations here (Figures 2.19B and 2.19C). Unsurprisingly, two of the
components are identical to the ones mentioned in section 2.4.3.6. However, DNA bound samples reveal
two new populations (Figure 2.19C). One UvrA2 population exists in the presence of ADP and AMP-PcP
and were independent of whether the supplied DNA had damages. A second population was present in
the presence of ATP and undamaged DNA. The four different UvrA populations present are summarized
(Figure 2.19D). Interestingly, the data suggests that UvrA2 reacts similarly to ADP and AMP-PcP in the
presence of DNA.

2.4.3.8. CEST Experiments
Finally, CEST experiments were attempted to determine whether UvrA2 was exchanging between
two states within solution without nucleotide. All peaks were examined for evidence of exchange between
states (Figure 2.20). The ideal concentration for CEST experiments is around 1 mM at a minimum;
however, due to UvrA experimental limitations, the concentration did not exceed 80 µM. Unfortunately,
without doing large labeled growths such a high concentration could not be achieved with UvrA2.
Therefore, much of the presented data is at or near noise level and should be interpreted with caution
(Data not shown). However, several peaks did indicate the presence of one and two UvrA2 states being
present during the experiment and are indicated (Figure 2.20).
Upon visual examination, 18 out of 35 examined peaks were too noisy or lacked sufficient data
points to determine whether any species was present. Additionally, 8 out of 35 examined peaks showed a
single species present within the UvrA sample. Most importantly, since the PCA suggested that without
DNA only two species are present, 10 out of 35 peaks suggested that there were two species present
within the UvrA sample. Finally, a single peak out of the 35 peaks suggested that there were 3 species
present within the UvrA sample. Among the different peaks, the graphs demonstrating two UvrA
populations were the most compelling due the greater number of data points pinpointing those
populations.
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Table 2.4: Populations from PCA. Populations are color coded as in Figures 2.18C and 2.19C. WT
indicates wild-type UvrA and NT no nucleotide.
Population 1

Population 2

Population 3

Population 4

WT ADP

WT AMP-PcP

WT undamaged DNA ADP

WT undamaged DNA ATP

WT ATP

K37A NT

WT undamaged DNA AMP-PcP

WT ATPγS

K37A ADP

WT damaged DNA ADP

K643A ADP

K37A ATP

WT damaged DNA AMP-PcP

K643A ATP

K37A AMP-PcP

K643A ATPγS

K37A ATPγS
K643A NT
K643A AMP-PcP
K37A/K643A NT
K37A/K643A ADP
K37A/K643A ATP
K37A/K643A AMPPcP
K37A/K643A ATPγS
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Figure 2.19: PCA of All NMR spectra. (A) Eigenvalues suggest that the first three components should
be analyzed. Component 4 is slightly above the baseline, suggesting it may need to be further analyzed.
(B) and (C) Adding DNA bound UvrA2 spectra to the PCA, indicates that DNA binding can be lumped into
minimally two populations, similar to UvrA2 without DNA. Undamaged DNA with ATP formed the only
point for one of the components. Populations in (C) are listed in Table 2.4.
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Figure 2.20: UvrA solution population analysis using CEST experimental graphs. All peaks from
CEST experiments were analyzed for dips in the graphs, which are indicative of the proposed scanning
mechanism. From the analyzed peaks, 1 peak with three dips, 10 had two dips, and 6 had one dip.
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2.5.

Discussion

2.5.1.

UvrA and its reaction with undamaged DNA
DNA addition increases the number of peaks within the spectra, with the exception of samples

with AMP-PcP (Table 2.3). However, PCA indicated that all UvrA2 spectra had a similar population when
combined with damaged or undamaged DNA, except when ATP was added to UvrA2 with undamaged
DNA. The clumping together of ADP and AMP-PcP UvrA2 species, but not ATP, indicate that either
nucleotide binding is not occurring or that hydrolysis is important to produce the new species (Table 2.3
and Figure 2.19). Otherwise it is possible that AMP-PcP produces an “ADP-like” state of UvrA2. Our
understanding of the UvrA2 mechanism dictates that the hydrolysis step is likely the release of DNA. Our
data indicates that UvrA2 can bind to DNA and has a preferential binding to damaged DNA without the
addition of nucleotide (Figures 2.3, 2.4, and 2.5). This result implies that DNA binding, especially to
damaged DNA, is energetically favorable without nucleotide being necessary. However, the fourth
population does not match population 1 or 2 (Figure 2.19). We therefore expect that the fourth step is a
post-damage verification step, prior to the release of the DNA. However, it should be noted that the
presence of DNA can change the UvrA chemical environment. Therefore, it is possible this fourth
population is a DNA-unbound UvrA2 population.
Our mass-spectral data indicated that in the presence of undamaged DNA, UvrA2 bound to two
32-mer DNA duplexes simultaneously (Figures 2.3 and 2.4). Previous atomic force microscopy data
indicated that UvrA2 could simultaneously bind two ends of undamaged DNA constructs, which is also
revealed here in out mass spectral analysis (Figures 2.3 and 2.4) (Wagner et al., 2009). A possible
explanation for these data is that the two DNA ends stack against each other in the DNA binding cavity
and could be misconstrued by UvrA2 as a possible double-strand break. Although other DNA damage
repair systems typically are responsible for detecting and repairing such strand breakages, UvrA2 is a
promiscuous enzyme capable of detecting any damage capable of detecting any damaged area
conflating the DNA helix; therefore, a double strand break would be a reasonable damage substrate for
UvrA2 (Jaciuk et al., 2011; Mazur & Grossman, 1991; Timmins et al., 2009; Wagner et al., 2009; J. Wang
& Grossman, 1993).
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Finally, our mass spectral study of ATPγS binding indicates that ATP binding occurs with either
two or four nucleotides bound per dimer (Figure 2.4). Given the data, and the fact that the proximal site
must be bound to ATP for the functioning of the distal site, it is likely that the binding occurs as: 1) both
proximal sites bound to nucleotide, 2) one proximal and one distal site bound, 3) both proximal sites
bound, and 4) both proximal sites bound and one distal site bound (Case et al., 2019; Stracy et al., 2016).
Curiously, two, three, and four nucleotides bound UvrA dimers are all common when not bound to the
present DNA, possibly suggesting the fully bound complement may play a role in UvrA2 release from the
DNA. Therefore, these results confirm previous studies, which suggested that nucleotides bind both
proximal and then both distal ATPase sites (Case et al., 2019). Completing the data set with ATPase
mutants and other nucleotide bound versions will provide further clues into how UvrA2 reacts with
undamaged DNA.

2.5.2.

UvrA and Its reactions with damaged DNA
Examination of ATPase data including damaged DNA revealed that overall ATPase activity

increased, and especially with E512Q, where the proximal site is bound and unable to hydrolyze ATP
(Figure 2.7). Given these data, analysis indicates that the proximal site must be bound, and some
hydrolysis may be required; however, distal site hydrolysis increases greatly. Since UvrA is an ATPase
dead enzyme when the binding is abolished in the proximal site (K37A), analysis must be restricted to
only when ATP is bound to the proximal site, while also indicating that the distal site is only active if the
proximal site is bound to ATP (Pakotiprapha et al., 2012; Stracy et al., 2016).
In the examined DNA binding, UvrA NMR samples, PCA only revealed one species in the
presence of damaged DNA (Figure 2.19). However, ATP addition was not examined, and it was not
understood if the addition of ATP would lead to the sample being in population 4. Our analysis was
restricted to samples containing ADP or AMP-PcP. However, it is intriguing that damaged DNA once
again does not produce a different species in the presence of AMP-PcP, which is similar to that found in
the examined undamaged DNA samples.
Similar to that found in undamaged DNA, three nucleotide bound versions of UvrA2 were common
in mass spectrometric analysis of ATP addition (Figure 2.3). However, when ATP was included post
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buffer exchange, there were three ADP’s and one ATP bound (Figure 2.3). These results likely indicate
that hydrolysis occurred in two distal sties during DNA damage interrogation, and hydrolysis in a single
proximal site after a damaged area was detected (Case et al., 2019). Although NMR spectra in the UvrA2
samples without DNA suggested that ATPγS was acting similar to ADP, suggesting ATPγS is hydrolyzing
over the course of the NMR experiments, mass-spectral analysis showed highly symmetrical binding,
mainly being two or four bound, which was not seen in other nucleotides being present, and is suggestive
of a trend that would be found with ATP binding (Figure 2.4). In other words, ATP initial binding is likely
symmetrical, and become unsymmetrical after DNA damage is interrogated or during nucleotide release
and is only unsymmetrical after ATP hydrolysis. Further, these data indicate that ATP binding does not
produce a new UvrA2 population with DNA binding, unlike that found in DNA-free samples (Figures 2.18
and 2.19).

2.5.3.

Final mechanism
A three-step mechanism of UvrA2 is proposed for DNA interrogation (Figure 2.21). NMR PCA

indicates that there are two solutions within solutions dependent on the nucleotide bound to UvrA2. Since
there is no evidence dictating that UvrA2 must be bound a certain nucleotide to bind DNA, as determined
by mass spectrometry and PCA, both populations are considered step one. UvrA2 then binds to DNA,
either damaged or undamaged. The DNA-binding activity causes UvrA2 to uptake a third population. This
third population, the second step, is supported by NMR PCA and mass spectral analysis. Finally, step
three is achieved by ATP hydrolysis or binding in the case of undamaged DNA binding by UvrA2. ATP
hydrolysis, in the case of undamaged DNA binding by UvrA2, causes a population change by UvrA2 as
determined by NMR PCA. However, mass spectrometric analysis suggested that both ATP binding and
hydrolysis leads to DNA release.
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Figure 2.21: A Three Step UvrA2 Mechanism. States 1-4 dictate nucleotide binding based off NMR PCA
and mass spectrometric analysis. It is unclear whether damaged DNA will cause UvrA2 to conform to a
new state after ATP binding or hydrolysis, since NMR PCA did not incorporate such a sample. However, it
was clear from NMR PCA that UvrA2 forms a new population in the presence of undamaged DNA and
ATP. Additionally, mass spectral analysis suggested that ATP and ATPγS binding or hydrolysis leads to
UvrA2 release of undamaged DNA. It appeared that damaged DNA remained strongly bound to damaged
DNA, indiscriminate of any present nucleotide or lack thereof.
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CHAPTER THREE

The first solution based UvrA structure reveals a DNA binding mechanism dependent on the
insertion domain
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3.1.

Abstract
Within the cellular system, several deoxyribonucleic acid (DNA) damage repair systems maintain

the genome, which is important to maintain the functionality and lifecycle of the cell. The nucleotide
excision repair (NER) pathway is an intriguing system, capable of detecting a diverse number of DNA
lesions within the cell. UvrA is a dimer, where each monomer has a proximal and distal ATPase site.
Previously studies have linked the proximal site to UvrB loading and the distal site to DNA interrogation.
Additionally, structural studies suggested a mechanism where UvrA2 uses a “open-tray” conformation to
bind DNA. During DNA interrogation, a “closed-tray” conformation is formed in the case of undamaged or
an “altered-closed-tray” conformation in the case of damaged DNA. When the “altered-closed-tray”
structure is formed, UvrB is loaded.
Finally, a novel, cryo-electron microscopy structure is reported. The structure is the first solutionbased structure available. Curiously, the structure indicated a similar ATPase motif configuration as
previous published structures. We note that our new structure indicates a β-hairpin conformation in the
third zinc binding module that is nearly identical to the crystal UvrA structure bound to DNA. Therefore,
we propose that the β-hairpin conformation is in this conformation in solution and can bind to DNA without
significant movement. Any previously proposed β-hairpin conformational changes could be a function of
DNA release or UvrB loading. Lastly, the structure was a morph of the “open-tray” and “closed-tray”
structures. Therefore, we suggested that the new structure was an image of the true resting state of
UvrA2 in solution.
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3.2.

Introduction
Each UvrA monomer is comprised of six domains: the signature I, signature II, ATPase I, ATPase

II, UvrB binding, and the insertion domain. The insertion domains are important for binding to DNA and to
stabilize UvrA2 on the DNA (Wagner et al., 2011). The signature domains can rotate, may play a role in
DNA binding, and may play a role in coordinating with UvrB, and contain a motif called the structurally
diverse region (SDR) (Case et al., 2019; Pakotiprapha et al., 2012; Schmitt, Benabdelhak, Blight, Holland,
& Stubbs, 2003).
UvrA has been previously crystalized using full length and truncated versions from several
different organisms (Case et al., 2019; Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012; Rossi et al.,
2011; Timmins et al., 2009). One structure even featured damaged DNA binding. However, all structures
suffer from a serious deficiency. Examination of the majority of UvrA2 structures reveals that UvrA
typically crystallizes with high symmetry, indicating the UvrA dimer is a projection of two identical UvrA
units. Therefore, structural and functional implications cross-dimer are difficult to determine. A solutionbased structure is a necessary step in understanding the true UvrA dimer and provide clarity to any
differences between the two UvrA monomers within the dimer.
UvrA crystal structures have suggested a “closed-tray” and “open-tray” conformation. A
mechanism was proposed for these conformational changes (Pakotiprapha et al., 2012). Given the
current structural and biochemical evidence in UvrA, an overall DNA-helix shape sensing mechanism,
such as the described scanning mechanism appears the most plausible (Batty & Wood, 2000;
Pakotiprapha et al., 2012). However, a solution-based structure of UvrA will provide clarity into the DNAbinding mechanism and DNA damage discrimination.
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3.3.

Materials and methods

3.3.1.

T. maritima UvrA protein growth and purification
Plasmids containing with Thermotoga (T.) maritima UvrA with an N-terminal histidine-tag in

pET11a were transformed into homemade Rosetta (DE3) pLysS cells. Transformations were plated onto
agar plates containing Luria broth (LB) and supplemented with chloramphenicol (34 micrograms [µg]/ mL)
and ampicillin (100 µg/mL) and incubated overnight at 37 °Celsius (C). Colonies were floated into 1 L of
LB supplemented with the same antibiotics and incubated overnight at 37 °C and 180 rotations per
minute (RPM). Overnight cultures were added to 9 L of super broth (homemade) in a fermenter at 37 °C,
450 RPM, and with a flow rate of 0.5 L per minute of oxygen supplied. Growths were grown until an
optical density (OD600) of approximately 3.00 and induced with 1 millimolar (mM) isopropyl β-D-1thiogalactopyranoside (IPTG). Following induction, growth was permitted overnight at 16 °C. Cells were
harvested at 3,600 RPM for 30 minutes. Pellets were resuspended at 6 g/mL using harvesting buffer (40
mM sodium phosphate pH 7.0, 5% glycerol, 1.4 βME mM, and 500 mM sodium chloride) and frozen at 80 °C.
Cells were defrosted on ice and phenylmethylsulfonyl fluoride (PMSF) was added to 1 mM. UvrA
was lysed by sonicating the cells for 6 minutes, 30 seconds on then 30 seconds off, at 50% amplitude.
The cells were then heat shocked at 55 °C for 30 minutes and placed on ice for 10 minutes. UvrA was
ultra-centrifuged for 1 hour at 26,000 RPM at 4 °C. Protein was decanted, sodium chloride was increased
to 1 M, 10% polyethylenimine (PEI) was added dropwise to 0.5%, and the sample was mixed at roomtemperature for 30 minutes. Mixture was centrifuged for 30 minutes at 4 °C and 16,000 RPM. Protein was
decanted and saturated ammonium sulfate was added to 65% and mixed at room temperature for 5
minutes. Protein was centrifuged as before, and the pellets were resuspended in resuspension buffer
supplemented with 10 mM imidazole and 0.5 M sodium chloride.
Proteins were mixed with nickel-NTA beads for 45 minutes and added to a gravity-flow column.
UvrA was washed with solutions containing the resuspension buffer at 10, 20, and 40 mM imidazole.
Proteins were eluted resuspension buffer supplemented with 250 mM imidazole. UvrA was diluted until
the sodium chloride concentration was 100 mM using buffer A (25 mM TRIS-HCl pH 7.5 and 5 mM βME).
UvrA was loaded onto pre-equilibrated 10 mL heparin-column. UvrA was eluted by running a program
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with buffer A with 2 column volumes (CVs) at 100 mM sodium chloride, an 8 CV gradient to 1.6 M sodium
chloride, and 2 CVs at 1.6 M sodium chloride. Protein was pooled and concentrated using EMD Millipore
Amicon Ultra-14 concentrators with a 30 kilodalton (kDa) molecular weight cutoff. UvrA was loaded onto a
320 mL SuperDex 200 column pre-equilibrated with size-exclusion buffer (HEPES pH 7.0, 5% glycerol, 1
mM dithiothreitol [DTT], and 400 mM sodium chloride). Proteins were eluted by running the column for 1
CV. UvrA was pooled after their respective runs and concentrated using the previously described
concentrators until approximately 60 µM. Proteins were flash frozen in liquid nitrogen and stored at -80
°C.
For cryo-electron microscopy studies, protein was mixed in a 1 mole UvrA dimer: 1.2 DNA duplex
using a 32-mer with a 3 base-pair mismatch. The mixture was in (20 mM
tris[hydroxymethyl]aminomethane hydrochloric acid [TRIS-HCl] pH 7.4, 150 mM sodium chloride, 5%
glycerol, 5 mM βME, 5 mM magnesium chloride, and 1 mM adenosine triphosphate (ATP). After a 15minute cold room incubation, protein-DNA mixture was concentrated to 15 µM.

3.3.2.

DNA oligonucleotides
All DNAs used were 32 base pairs long (Figure 3.1). DNAs featured a bulky fluorescein adduct,

where Watson-Crick base-pairing was not possible. Fluorescein adducts are detected as damaged DNA
by the bacterial NER repair pathway (DellaVecchia et al., 2004; Jaciuk et al., 2011, 2020; Truglio et al.,
2004). DNAs were ordered from Integrated DNA Technologies (IDT) with standard desalting, except the
DNA strand containing fluorescein, which was high-pressure liquid chromatography (HPLC) purified.
Duplexes were prepared by mixing DNA single strands at a 1:1 molar ratio, after calculating the molarity
of resuspended oligonucleotides in water using a nanodrop, heated to 95 °C in a heating block for 10
minutes, and then the heating block was turned off and the sample was allowed to cool to roomtemperature.

3.3.3.

Grid preparation
Grids were plasma cleaned at 70% power, with a gas flow of 30% (75/25 parts argon/oxygen) for

60 seconds, using a NanoClean model 1070 (Fischione Instruments). T. maritima UvrA2 with a 3 base
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Figure 3.1: DNA duplex used in structure determination. A damaged DNA was used in this study that
featured a centrally located fluorescein.

pair mismatch 32-mer DNA was thawed on ice. Complex was diluted to 2-4 µM using complexing buffer,
providing fresh ATP to the complex. From the resulting solution, 3.0 µL was pipetted onto a freshly
prepared grid. The sample was allowed to absorb for 30 seconds at 100% humidity and 4 °C, blotted for 3
seconds at a blot force of 4. Sample was plunge frozen in liquid-nitrogen cooled liquid-ethane. Grid
preparation was performed using a Vitrobot Mark IV (FEI, Hillsboro, Oregon). Grids were stored in liquid
nitrogen until data acquisition.

3.3.4.

Single-particle cryo-electron microscopy image acquisition
Loading and image acquisition was performed by the Simons Electron Microscopy Center at the

New York Structural Biology Center. Grids were loaded into a Titan Krios (FEI, Hillsboro, Oregon), fitted
with a Gatan K2 Summit (Gatan, Pleasanton, California) direct electron detector with an acceleration
voltage of 300 kV. Single particle images were recorded at a pixel size of 1.073 angstroms (Å). Images
were recorded with a spherical aberration of 2.70 mm and an amplitude contrast of 0.07. A defocus range
of -1.0 to -4.5 µm with a dose rate of 64 electrons/Å2. A single 24-hour session produced 1,807 images.
Automatic hole targeting using LEGINON software suite was used (Suloway et al., 2005).

3.3.5.

Cryo-electron microscopy image analysis
The micrograph frames were aligned using whole-frame motion correction using MotionCorr in

Appion (Lander et al., 2009; X. Li et al., 2013). Contrast transfer functions were estimated via CTFFind4
and gCTF (Rohou & Grigorieff, 2015; Zhang, 2016). All processing was completed using cryoSPARC
(Punjani, Brubaker, & Fleet, 2017; Punjani, Rubinstein, Fleet, & Brubaker, 2017). Using an approximate
10 Å volume of UvrA bound to a fluorescein adducted 32-mer DNA duplex (data now shown), templates
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were created for autopicking using CryoSparc (Punjani, Brubaker, et al., 2017; Punjani, Rubinstein, et al.,
2017). Autopicking resulted in 391,536 particles picked. From a 2-dimensional classification, 22 out of 50
classes were picked, for a remainder of 279,375 particles. The particles underwent a 6 class ab-initio
reconstruction. From the reconstruction, a single class was chosen, resulting in 91,274 particles. The
particles underwent further scrutiny by a second round of ab-initio reconstruction with three classes. A
total of 42,168 particles, and volume 0 underwent non-uniform refinement. Finally, global CTF refinement,
local refinement, local resolution estimation, and ResLog analysis were completed.

3.3.6.

Model building and analysis
Map was flipped using UCSF Chimera (Version 1.13.1), after it was determined that MolRep

could not place UvrA monomers within the volume (Pettersen et al., 2004). A previous T. maritima
structure in complex with DNA (Protein data bank [PDB]: 3PIH), where we removed the DNA, water, and
ligands, was positioned using the program MolRep (Jaciuk et al., 2011; A. A. Vagin & Isupov, 2001; A.
Vagin & Teplyakov, 1997; A Vagin & Teplyakov, 2000; Alexei Vagin & Teplyakov, 2010). MolRep placed
two UvrA monomers into the EM map; the positioned monomers displayed correlation coefficients of
0.580 and 0.570 for chain A and B, respectively.
The two UvrA monomers were subject to real-space refinement in Phenix; this procedure
encompassed rigid body refinement by domain, simulated annealing, and morphing (Afonine et al., 2018).
Real-space refinement was completed in several macro-cycle refinements, until the correlation coefficient
could not be increased (Afonine et al., 2018). Ramachandran plots and quality of the results were
checked using ProCheck (Lovell et al., 2003). The structure was examined using PyMol, DynDom, and
Superpose (R. A. Lee, Razaz, & Hayward, 2003; Maiti, Van Domselaar, Zhang, & Wishart, 2004; “The
PyMOL Molecular Graphics System,” 2015). Rotations were determined using LSQMAN (Alwyn Jones &
Kleywegt, 1999; Y. W. Chen, Dodson, & Kleywegt, 2000; Henderson et al., 2012; Kleywegt, G.J., Zou,
J.Y., Kjeldgaard, M. & Jones, 2001; G J Kleywegt, 1999; G J Kleywegt & Jones, 1995, 1997; Gerard J.
Kleywegt, n.d., 1996; Gerard J. Kleywegt & Jones, n.d., 1994, 1996; Novotny, Madsen, & Kleywegt,
2004).
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3.3.7.

Structural description
A new structure determined by cryo-electron microscopy is reported here. The structure features

the first solution-based look at UvrA and a first true image of the UvrA dimer. The structure has a reported
masked resolution of 4.3 Å and an unmasked resolution of 4.1 Å with 0.18% outliers (Table 3.1 and
Figures 3.2 and 3.3). The density was flipped into the opposite handedness using chimera (Pettersen et
al., 2004). MolRep was completed using a previous UvrA structure with DNA and water removed (PDB:
3PIH) (Jaciuk et al., 2011; A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov, 1997; A Vagin & Teplyakov,
2000). The program successfully placed the two UvrA monomers separately with a correlation coefficient
of 0.580 and 0.570, respectively (A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov, 1997; A Vagin &
Teplyakov, 2000). Following docking of the structure in the density, real-space refinement was completed
until the correlation coefficient no longer increased (Afonine et al., 2018). The resulting structure fit well
into the reported density from cryoSPARC, with the exception of the UvrB binding domains (Δ118-257)
(Figures 3.2D, 3.3A, and 3.4A) (Pettersen et al., 2004). The insertion domain was placed, despite
featuring lower correlation coefficient values (Figures 3.2E, 3.3B, and 3.4B).
The dimer has approximate dimension of 102.4 Å x 108.1 Å x 61.8 Å. The overall structure had
remarkable resemblance to the UvrA structure in complex with DNA (Figure 3.5) (PDB: 3PIH) (Jaciuk et
al., 2011). The areas with the largest deviation were the UvrB binding and the insertion domains. To
examine the symmetry of the new structure, the structure was broken into two UvrA molecules and
superimposed on one another using α-carbons and resulted in a RMSD of 0.001 Å (“The PyMOL
Molecular Graphics System,” 2015). Therefore, it appears that the new cryo-electron microscopy structure
features two nearly identical, if not identical, UvrA units within the UvrA dimer.
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Table 3.1: Data collection and refinement statistics. Resolution was based off FSC graphs,
demonstrated in Figure 3.2.
Composition (#)
Chains:
Atoms:
Residues:
Water:
Ligands

2
12,793
1,672
0
Zn: 3

Lengths (Å) (# > 4σ)
Angles (°) (# > 4σ)

0.006 (5)
0.917 (9)
1.93
6.69

Outliers
Allowed
Favored

0.18
10.10
89.72
0.59
0.00

Cis proline/general
Twisted proline/general

8.6/0.1
2.9/0.3
6.62

Iso/aniso (#)
Min/max/mean

12,793/0

Hydrogens:
Nucleotide:

0
0

Bonds (RMSD)

MolProbability score
Clash score
Ramachandran plot (%)

Rotamer outliers
Cβ outliers (%)
Peptide plane (%)

CaBLAM outliers (%)
ADP (B-factors)

Protein
Nucleotide
Ligand
Water

30.45/290.41/109.16
--147.33/155.76/150.9
1
---

Occupancy
Mean
Occ = 1 (%)
0 < occ < 1 (%)
Occ > 1 (%)

1.00
100.00
0.00
0.00

Lengths (Å)

101.94

159.88

Angles (°)

90
4.2
Masked

90
Unmasked

---

---

4.3/---/--8.0
3.6/3.8/4.1

4.1/---/--8.2
3.8/4.0/4.3

Data
Box

Supplied resolution (Å)
Resolution estimates
(Å)
d FSC (half map:
0.143)
d 99 (full/half1/half2)
d model
d FSC model
(0/0.143/0.5)

98

131.
98
90

Map min/max/mean

-16.97/29.28/0.00

Model vs. data
CC (mask)
CC (box)
CC (peaks)
CC (volume)
Mean CC for ligands

0.82
0.78
0.72
0.81
0.89
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Figure 3.2: Refinement of the first solution based UvrA structure. (A) A Ramachandran plot of the
resulting structure (Lovell et al., 2003). Nearly all residues are in favored or allowed regions. (B) A Chi1-
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Chi2 plot for arginine shows high placement in favorable areas. (C) A Fourier shell correlation (FSC)
graph from refinement demonstrates a resolution of approximately 4.1 Å (D) A graph of the Correlation
Coefficients (CCs) for each chain by residue. Both chains are similar with very low coefficients shown the
insertion domains and lower values for the UvrB binding domains.

Figure 3.3: Resolution map of the solution based UvrA2 structure. A high resolution is show for the
core of the molecule. Low resolution is noted for the insertion and UvrB binding domains. (A) A “topdown” view looking down into the DNA-binding cavity. (B) An “upside-down” view of UvrA2 looking at
UvrA2 opposite of the DNA-binding cavity. A pocket of low-resolution was noted for the center of UvrA2 in
this view. The noted low-resolution area did not have any residues placed in it and was unclear what
could move into this area. Figure generated using (Pettersen et al., 2004).
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Figure 3.4: Volume of a new UvrA2 structure. The two chains of UvrA2 are shown in red and blue. (A) A
“top-down” view of UvrA2 into the DNA-binding cavity. The UvrB binding domain is highlighted in green.
(B) A “side” view of UvrA2. The insertion domain is highlighted in pink. Figure generated using: (Pettersen
et al., 2004).
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Figure 3.5: Comparing the new solution-based model with the prior UvrA structure with DNA.
RMSD indicates root mean square deviation. A comparison of the newly reported cryo-electron
microscopy structure chain A with the previously reported UvrA structure in complex with DNA (PDB:
3PIH) (Jaciuk et al., 2011). RMSD was below three for most of the structure. The largest differences are
highlighted in the UvrB binding and the insertion domains in green and pink, respectively.
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3.4.

Results

3.4.1.

Overview
Although the new apo-UvrA2 structure was compared to multiple structures, we focus primarily on

the DNA bound UvrA crystal structure (PDB: 3PIH) (Jaciuk et al., 2011). We found that our structure is
nearly identical to the DNA bound UvrA structure, so any additional analysis is redundant. We discuss
theses similarities and any noted differences are discussed against other available structures also. The
primary differences from this structure are within the insertion and UvrB binding domain.

3.4.2.

An examination of the DNA binding area
Although the new apo-UvrA2 structure was compared to multiple structures, we focus primarily on

the DNA bound UvrA crystal structure (PDB: 3PIH) (Jaciuk et al., 2011). The primary differences from this
structure are found within the insertion and the UvrB binding domains. The insertion domain has a
rotation into the DNA binding cavity (Figure 3.6A and 3.6B). The movement of the insertion domain is
large compared to other structures (Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012). Additionally, the
insertion domain caves in, blocking DNA binding. Examination and overlap with the UvrA structure bound
to DNA reveals a large amount of steric hindrance to any place DNA.
It was previously demonstrated that in the closed-groove structure, glycine (G) 258, aspartic acid
(D) 278, and arginine (R) 384 line the DNA binding cavity (Figure 3.6C). Our newly reported structure
demonstrates a new conformation of these key residues. In the newly reported cryo-electron microscopy
structure, the G258 residues in the signature I domain in both monomers resembles the open and
alternate closed structure (Figure 3.6C) (PDBs: 2R6F, 3UWX, and 3PIH) (Jaciuk et al., 2011;
Pakotiprapha et al., 2008, 2012). Additionally, D278 in the signature I domain resembles both the
placement in the open structure and the damage bound structure (Figure 3.6C) (PDBs: 2R6F and 3PIH)
(Jaciuk et al., 2011; Pakotiprapha et al., 2008). Finally, the R384 residues within the insertion domains in
both monomers rotate towards the center of the molecule. The correlation coefficients of the R384
residues for the two monomers is 0.432469609 and 0.11011062 (Figure 3.2 and 3.3). Therefore,
assignment of the structure to a “closed-tray” or “open-tray” structure via the G258, D278, and R384
residues is difficult (Figure 3.2E-3.4). Overall, our findings suggest a morph of the “closed-tray” and
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Figure 3.6: Movements in the insertion domain and key DNA binding residues. The structure of the
newly reported cryo-electron microscopy is shown in light grey. DNA from PDB 3PIH is shown after an
alignment with the newly reported structure in black (Jaciuk et al., 2011). Figure generated with (“The
PyMOL Molecular Graphics System,” 2015). (A) and (B) The insertion domain of UvrA in 3PIH is shown
in brown, in 2R6F as purple, and in the newly reported cryo-electron microscopy structure in blue
(Pakotiprapha et al., 2008). Residue 308 in T. maritima or 307 in Geobacillus (G.) stearothermophilus is
shown in spheres to further demonstrate the movement of the insertion domain. The residue is shown in
red, yellow, and green in the newly reported cryo-electron microscopy structure, 2R6F, and 3PIH
respectively. (A) shows a “top-down” view into the DNA binding pocket and (B) shows a side view into the
DNA-binding pocket. (C) Key DNA binding residues, G258, D278, and R384 (G. stearothermophilus
numbering), are demonstrated here. In 2R6F, the “open-tray” structure, residues are shown in red, 3PIH,
UvrA in complex with DNA, is shown in green, and 3UWX, the “closed-tray” structure, is shown in brown
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(Pakotiprapha et al., 2012). In the newly reported solution-based structure, G258, D278, and R384 are
shown in yellow, blue, and purple respectively.

“open-tray” conformations.

3.4.3.

An examination of the signature domains

3.4.3.1. Overview of the two signature domains
A rotation within the signature II domain, separating the two domains by approximately 95 to 115
Å was proposed to be a key conformational change for eviction of UvrA2 from DNA as part of the UvrB
loading mechanism (Pakotiprapha et al., 2012). Our newly described cryo-electron microscopy structure
indicates a rotation similar to the previous UvrA structure bound to UvrB (Figure 3.7A) (Pakotiprapha et
al., 2012). The structure here indicates that the rotation is possible in the absence of UvrB. The signature
II contains a structurally diverse region (SDR-II). The SDR-II region is remarkably similar to the structure
of UvrA bound to DNA (Figure 3.7B and 3.7C). However, the structurally diverse region within signature
domain I (SDR-I) is similarly positioned as the open structure of UvrA (Pakotiprapha et al., 2008).

3.4.3.2. Rotations in the signature II domain β-hairpin in the third zinc binding module
A rotation in the β-hairpin of the third zinc binding module has been previously implicated in DNA
damage interrogation (Case et al., 2019; Kraithong et al., 2017). A large rotation is noted in the β-hairpin
at 12.4° with only a translation of 0.5 Å when compared to the UvrA structure bound to DNA (PDB: 3PIH)
(Figure 3.8A and 3.8B) (Jaciuk et al., 2011). Compared to the closed β-hairpin position structure (PDB:
2R6F), a rotation of 21.8° with a translation of -0.1 Å is noted (Figure 3.8A and 3.8B) (Pakotiprapha et al.,
2008). Indeed, compared to the previously designated closed position (PDB: 3PIH), the intermediate
position (PDB: 6N9L), and the open position (PDB: 2R6F) of the β-hairpin in our newly reported UvrA
structure has a separation of 1.9, 13.3, and 15.6 Å respectively (Figure 3.8C) (Case et al., 2019; Jaciuk et
al., 2011; Pakotiprapha et al., 2008). Overall, we suggest that the previous DNA bound structure and our
newly reported solution structure have nearly identical conformations.
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Figure 3.7: Signature II domain rotation and SDR movements in the new solution-based structure.
Figure generated using (“The PyMOL Molecular Graphics System,” 2015). (A) A key residue, lysine (K)
718, is used to demonstrate a rotation within the signature II domain. The distance show in our new cryoelectron microscopy structure is approximately 4.3 Å closer than in the previously defined closed version
(Pakotiprapha et al., 2012). (B), (C), and (D) The signature I domain SDR, SDR-I, is shown in red, green,
and yellow for the new structure, the DNA bound UvrA structure (PDB: 3PIH), and the open-tray UvrA
structure (PDB: 2R6F) respectively (Jaciuk et al., 2011; Pakotiprapha et al., 2012). For, SDR-II, the motif
is shown in blue, brown, and purple for the same structures, respectively. Low movement is demonstrated
within the SDR motifs. (B) Only shows the SDR motifs without the overall UvrA structure. (B) A “topdown” view of UvrA2 with the new structure in light grey and the DNA from 3PIH is shown. (C) Same
coloring scheme as in B, with a “bottom-up” view.
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Figure 3.8: The β-hairpin of the third zinc binding module has minimal movement. The new UvrA2
structure is shown in green, the UvrA structure bound to DNA in purple, the full length UvrA structure in
blue, and the highest resolution structure available is shown in brown. The α-carbon of phenylalanine at
the tip of the β-hairpin, residue 731 in T. maritima, is shown as a sphere. All structures were aligned by
the α-carbons in the signature II and ATPase II domains and figures were generated using (“The PyMOL
Molecular Graphics System,” 2015). The examined β-hairpin has little movement compared to the UvrA
structure bound to DNA (Jaciuk et al., 2011). The β-hairpin in the highest resolution structure available
moves away from the DNA area (Case et al., 2019). The full length UvrA structure moves away from the
DNA and towards ATPase domain II (Pakotiprapha et al., 2008). B shows a 90° rotation from A.

3.4.4.

An examination of the solution-based ATPase sites
The ATPase state of the structure had remarkable resemblance to other published structures

(Figure 3.9) (Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012). Unfortunately, nucleotide could not be
distinguished in either site. There was a lack of density for any nucleotide to be accurately placed within
the ATPase binding sites. However, the ATPase sites bare a remarkable resemblance to ATP bound
ATPase sites. Also, there is little to no apparent deviation in the ATPase sites, despite the new model
being solution based (Section. 1.3.3., Figures 1.8 and 3.9) (Pakotiprapha et al., 2008).
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Figure 3.9: Examination of the ATPase sites in the new solution-based structure. All structures were
aligned using the Walker A motif. The “open-tray” structure of UvrA2 is shown in orange with ADP in
yellow (Pakotiprapha et al., 2008). The walker A, walker B, aromatic loop, and histidine-loop are shown in
purple, green, tan, and blue green for chain A of the new cryo-electron microscopy structure respectively.
The same motifs are shown in blue, pink, grey, and brown for chain B of the new cryo-electron
microscopy structure, respectively. (A) The proximal site is shown here. (B) The distal site is shown here.
Figure generated using: (“The PyMOL Molecular Graphics System,” 2015).

3.4.5.

Insertion domain rotation
Initial examination of our structure demonstrated that the insertion domains are rotated into the

DNA binding cavity (Figures 3.10A and 3.10B). Although the insertion domain is not caved completely
into the DNA-binding cavity, as in the UvrA2UvrB2 structure presented in chapter 4, the insertion domain
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does block DNA binding. Since the newly determined structure blocks DNA from entering the DNA
binding cavity, the insertion domain must rotate away from the DNA binding cavity for UvrA2 to bind DNA.

Figure 3.10: Rotation of the insertion and UvrB binding domains. (A) and (B) demonstrates a “top”and “tunnel”-view of UvrA2, respectively, with the insertion domains colored in ribbon view. (C) and (D)
demonstrates a “top”- and “tunnel”-view of UvrA2, respectively, with the UvrB binding domain in ribbon
view. For all figures, the new cryo-electron microscopy structure is shown in grey in cartoon and ribbon
view. The insertion and UvrB binding domains of G. stearothermophilus UvrA ADP-bound (PDB: 2R6F),
DNA-apo structure is shown in green (Pakotiprapha et al., 2008). The insertion and UvrB binding domains
of the T. maritima structure bound to damaged DNA (PDB: 3PIH) is shown in purple and the DNA is
shown in pink space fill (Jaciuk et al., 2011). The insertion and UvrB binding domains of the new cryoelectron microscopy T. maritima apo-structure are shown in red. Figure generated using: (“The PyMOL
Molecular Graphics System,” 2015).
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Two structures were used in comparing our cryo-electron microscopy structure. The first structure
examined, the G. stearothermophilus UvrA structure bound to ADP (PDB: 2R6F), demonstrated a large
rotation within the insertion domain (Figures 3.10A and 3.10B) (Pakotiprapha et al., 2008) The second
structure, the T. maritima structure bound to damaged DNA (PDB: 3PIH), revealed a small rotation within
the insertion domains (Figures 3.10A and 3.10B) (Jaciuk et al., 2011). Compared to the afore mentioned
structures, our newly determined structure demonstrated a rotation of 77.790° and 9.134° respectively.
The solution-based structure insertion domain would have steric hindrance with the DNA in the previously
determined DNA-bound structure (Jaciuk et al., 2011). We took our results to indicate that the insertion
domain from the G. stearothermophilus UvrA structure, was a result of crystal contacts (Pakotiprapha et
al., 2008). In the case of the DNA bound structure, the results indicate a similar rotation of the insertion
domain, with a small rotation from the DNA binding cavity necessary to accommodate the DNA (Jaciuk et
al., 2011).

3.4.6.

UvrB binding domain examination
Examination of the UvrB binding domain revealed similar results as the analysis of the insertion

domain. Our results indicated that the UvrB binding domain had a rotation compared to from the G.
stearothermophilus UvrA structure (PDB: 2R6F) (Pakotiprapha et al., 2008). The rotation was described
as 20.970° (Figures 3.10C and 3.10D). The newly determined location of the UvrB binding domain
indicates that in solution, the insertion domain is rotated away from the dimer. We ascribed this rotation to
crystal contacts as it is at the periphery of the molecule. Compared to the T. maritima structure bound to
damaged DNA (PDB: 3PIH), no rotation is noted. The results indicate further that the T. maritima
structure bound to damaged DNA is highly similar to our solution-based structure.
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3.5.

Discussion

3.5.1.

Overview
Our new cryo-electron microscopy structure is the first solution-based structure of UvrA available.

The new structure offers new understanding of UvrA2. Interestingly, the UvrB binding and insertion
domains have high RMSD values and low resolution (Figures 3.2E, 3.3, and 3.5). The issues in placing
these domains likely signifies that these domains are extremely flexible and are likely undergoing
significant rotations. Significantly, an additional clump of volume is visible on the bottom of the structure,
opposite of the center of the DNA binding pocket (Figure 3.3).
Previously, it was suggested that the closed-tray structure is used during DNA scanning when the
DNA is undamaged (Pakotiprapha et al., 2012). Also, the closed-tray structures have only been
determined when bound to UvrB, sparking speculation that UvrB induces a closed conformation in UvrA2
(Pakotiprapha et al., 2012). However, our structure suggests that a hybrid of the “open-tray” and the
“closed-tray” is in play in solution. UvrA2 being capable of forming the new “hybrid-tray” structure is
significant because it allows for the possibility of UvrA2 opening to accept the DNA and then closing
around the DNA to interrogate it. In this case, UvrA would make initial contact with the DNA using the
insertion domains and clamp the DNA into the binding cavity while UvrA 2 interrogates the DNA.

3.5.2.

An alternative role for the β-hairpin in the third zinc binding module
The β-hairpin in the third zinc binding module has been implicated in DNA binding (Kraithong et

al., 2017). The model proposed that the β-hairpin is in an open position in solution (Kraithong et al.,
2017). Upon DNA binding, the β-hairpin would rotate under the DNA and perform damage recognition
(Kraithong et al., 2017). However, our data indicates that, in solution, and in the absence of DNA, the βhairpin is nearly identical to the structure bound to DNA (Figure 3.8) (Jaciuk et al., 2011). Therefore, our
findings suggest that the role of the β-hairpin is still unclear. The open β-hairpin structure is of a full length
UvrA2 structure without any DNA bound. The β-hairpin is positioned in a way that contacts between UvrA
molecules upon crystal packing could result in a rotation among the signature II domains, and, therefore,
the examined β-hairpin. Further, the intermediate β-hairpin structures are of Δ117-399 UvrA (T. maritima
numbering) (Case et al., 2019; Pakotiprapha et al., 2012). The Δ117-399 UvrA clones lack part of the

112

signature II domain and the added strain on the domain could result in the rotation producing the
intermediate β-hairpin position.
Here, we propose that the β-hairpin is positioned in such a way that allow it to accomplish its role
in DNA damage interrogation with minimal movement. If a rotation does occur during the UvrA2 reaction,
it could be a product of UvrB loading or UvrA2 dissociation from DNA. These reactions are likely high
energy and short lived. However, the extended role of the β-hairpin is reduced here and is likely prepositioned to bind to the damaged DNA. A final possibility for the β-hairpin could be to provide a docking
area for the DNA and may not be a part of the damage verification process and simply hold the DNA in
place during damage verification.

3.5.3.

Structural clues into the ATPase sites
All previous structures of UvrA have all had a highly similar ATPase motif structure among both

ATPase binding sites (Case et al., 2019; Pakotiprapha et al., 2008). It was hoped that further structural
studies would produce a new ATPase motif configuration. The new cryo-electron microscopy structure
yielded a new angle for interrogating the two ATPase sites. However, we find that both sites lack
nucleotide and the ATPase sites in an identical as those previously published (Case et al., 2019;
Pakotiprapha et al., 2008). The case of the ATPase sites is curious as ATPase data was suggestive of a
cycle that rarely resulted in the absence of any nucleotide (Case et al., 2019).

3.5.4.

Comparison to previous structures
The newly determined apo-UvrA2 structure determined by cryo-electron microscopy features the

first true structure of the UvrA dimer and the first solution-based structure of UvrA2. Our results indicate
that our structure is highly similar to the T. maritima structure bound to damaged DNA (PDB: 3PIH)
(Jaciuk et al., 2011). This determination is supported by the signature domains, including the zinc binding
module, the low movement in the insertion domain, and the lack of rotation in the UvrB binding domain.
Our structure suggests that the structure of T. maritima UvrA bound to DNA represents a pre-DNA
recognition state of the UvrA mechanism. Compared to the several published G. stearothermophilus UvrA
structures we find large rotations in the insertion domain and UvrB binding domains. Our structure
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suggests a DNA-loading process utilizing a rotation in the insertion domain. Previous insertion domain
and UvrB binding domain conformations were likely factors of crystal contacts. A class II Deinococcus
radiodurans UvrA structure, meaning the construct lacked the UvrB binding domain, featured a similar
rotation in the insertion domain, but not an identical rotation (Timmins et al., 2009). Our structure supports
their conclusion that a rotation in the insertion domain is a necessary step in the acceptance of DNA into
the UvrA-DNA binding cavity (Timmins et al., 2009).

3.5.5.

An insertion domain rotation
Our newly determined structure supports a model dependent on a rotation within the insertion

domain. First, UvrA2 within solution typically uptakes a conformation where the insertion domain would
provide the first contact with DNA. After the initial DNA contact, the insertion domains would rotate away
from the DNA binding cavity. It is possible that the insertion domain walks the DNA into the UvrA2-DNA
binding cavity. Once the DNA is within the UvrA2-DNA binding cavity, the DNA is lightly clamped by the
insertion domain. The DNA is then interrogated for damage, through an unknown mechanism. If the DNA
is undamaged, the insertion domains, rotate allowing the DNA a path for easy release from UvrA2. One
possibility is that undamaged DNA binding causes a rotation of the insertion domain that includes the
rotating away of the insertion domain, casing the insertion domains to pull the DNA from the UvrA2-DNA
binding cavity. In the case of damaged DNA, the DNA may remain clamped by the insertion domain. A
damaged-DNA structure would yield significant clues into a role the insertion domain and damaged DNA
recognition.
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4.1.

Abstract
A UvrA dimer is the primary damage sensor, responsible for detecting genomic damage, as part

of the nucleotide excision repair (NER) pathway. The damage sensor can complex with UvrB before
binding to deoxyribonucleic acid (DNA), forming a UvrA2UvrB2 complex to sample the DNA. Structural
experiments have determined UvrA, UvrA-DNA, and a UvrAUvrB structures. Biochemical and structural
studies indicated that UvrA might recruit UvrB after locating DNA lesions or that a UvrAUvrB structure
may locate lesions. Here we used mass spectroscopy and electron microscopy to further interrogate the
process of UvrA2 binding to UvrB and complex binding to DNA.
Mass spectrometry data indicated a mixed species within solution. Adenosine triphosphate (ATP)
binding to UvrA is required for UvrB binding. However, ATP presents an interesting difficulty in mass
spectral studies since nucleotide addition introduces noise into the experiment and makes it difficult to
deconvolute the different species. Stepwise addition, UvrA mixed with DNA followed with the addition of
UvrB, did not demonstrate an increase in UvrB binding to UvrA. Additionally, a UvrB-DNA complex could
not be isolated. These data indicated that loading never occurred or that UvrB was loaded and removed
from the DNA before it could be analyzed.
Here, we analyzed the first solution-based structure of a UvrA2UvrB2 complex. The structure
yields an understanding of the overall organization of the structure and reveals a highly symmetric
structure. In our structure, the insertion domain has completely collapsed into the DNA binding path. The
rotation of the insertion domain suggests that the insertion domain will need to make the initial contacts
with DNA. These results yield further understanding to previous experiments that indicate that the
insertion domain is important for stabilizing the complex to DNA, while not being necessary for damage
recognition. Here, DNA binding and search mechanisms are proposed, where the UvrA2UvrB2 complex
binds to DNA. The mechanisms are dependent on the insertion domain. Additionally, we propose that the
UvrB binding to UvrA results in the collapse of the insertion domain. The collapse of the insertion domain
results in the clamping of the complex of the DNA. Since the complex is clamped to the DNA as a result
of UvrB binding, the collapse of the insertion domain could force the complex to move along the DNA
rather than the 3-dimensional search seen with UvrA.
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4.2.

Introduction
Several structures of the UvrA head-to-head dimer, full-length and truncated forms, have been

determined from Geobacillus (G.) stearothermophilus, Thermotoga (T.) maritima, T. maritima in the
presence of damaged DNA, Deinococcus radiodurans, and Mycobacterium tuberculosis (Figure 1.6)
(Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012; Rossi et al., 2011; Timmins et al., 2009).
Additionally, UvrAUvrB structures have been determined (Jaciuk et al., 2020; Pakotiprapha et al., 2012).
There resides some controversy on whether DNA is searched by a UvrA 2 or a UvrA2UvrB2
complex. Biochemical and structural studies have confirmed that a UvrA2UvrB2 complex does exists in
solution (Pakotiprapha & Jeruzalmi, 2013; Pakotiprapha et al., 2012). Meanwhile, in vivo single-molecule
Förster resonance energy transfer (sm-FRET) results suggested that UvrB rarely associated with UvrA in
solution, despite having similar amounts available in the cell (Stracy et al., 2016). Other electron
microscopy studies suggested that a UvrA2-DNA, UvrA2UvrB1-DNA, and a UvrB-DNA complexes were
present in solution (Shi et al., 1992). Further, hydrodynamic experiments suggest a UvrA2UvrB1 complex
exists in solution, while atomic force microscopy and in vitro FRET studies indicated a UvrA2UvrB2
complex (Malta et al., 2007; Orren & Sancar, 1990; E. E. A. Verhoeven, Wyman, et al., 2002).
UvrB’s role in the scanning complex, whether its inclusion in the scanning complex is necessary
and its influence on UvrA, remains largely debated. A UvrAUvrB structure revealed that each UvrB is
initially positioned 80 Å from the lesioned area, requiring significant conformational changes if UvrA2 loads
UvrB near the lesioned area (Pakotiprapha et al., 2012). It should be noted that the 5’ to 3’ helicase
activity of UvrB is necessary for the NER pathway (Oh & Grossman, 1987; Seeley & Grossman, 1990;
Truglio et al., 2004).
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4.3.

Materials and methods

4.3.1.

G. stearothermophilus UvrA and UvrB protein growth and purification
Plasmid G. stearothermophilus UvrA pET24a contained an N-terminal histidine tag and was

transformed into homemade pLysS (DE3) Rosetta cells and plated on agar plates containing Luria broth
(LB), kanamycin (50 micrograms [µg]/mL) and chloramphenicol (50 µg/mL). Colonies were floated off
plate, used to inoculate 1 L of LB supplemented with kanamycin and chloramphenicol, and grown
overnight at 37 °Celsius (C) at 180 rotations per minute (RPM). The next morning, the culture was
pumped into a fermenter with 9 L of homemade super broth at 37 °C, 450 RPM, and with a flow rate of
0.5 L per minute of oxygen supplied. Cells were grown to an OD600 of 2.868 and induced at 1 millimolar
(mM) Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 16 °C overnight. Cells were harvested by
centrifuging at 3,400 RPM, resuspended in resuspension buffer (50 mM sodium phosphate pH 8.0, 500
mM sodium chloride, 10 mM imidazole, and 5 mM β-mercaptoethanol [βME]) at 6 mL per gram, and
frozen at -80 °C. Plasmid G. stearothermophilus UvrB pet24a contained an N-terminal histidine tag and
was grown as previously described (Pakotiprapha et al., 2008).
Both UvrA and UvrB were lysed by defrosting on ice, adding phenylmethylsulfonyl fluoride
(PMSF) was added to 1 mM, and cells were sonicated at 60% amplitude for 6 minutes alternating 30
seconds on/off. Proteins were centrifuged at 16,000 RPM and 4 °C for 30 minutes. The protein was then
decanted. The solutions were mixed with nickel- Nitrilotriacetic acid (NTA) beads for 45 minutes and
added to a gravity-flow column. UvrA was washed with solutions containing the resuspension buffer with
10, 20, or 50 mM imidazole, while UvrB was washed with solutions containing the resuspension buffer at
10, 20, and 30 mM imidazole. Both proteins were eluted using two solutions with resuspension buffer at
250 mM imidazole and pooled.
UvrA and UvrB was mixed with Buffer A (25 mM tris(hydroxymethyl)aminomethane-hydrochloric
acid [TRIS-HCl] pH 7.4 and 5 mM βME) until the concentration of sodium chloride was 250 mM and 100
mM respectively. UvrA was loaded onto a 15 mL heparin column and was subjected to Buffer A at 250
mM sodium chloride for 2 column volumes (CVs), an 8 CV gradient to 2 M sodium chloride, and 2 CVs at
2 M sodium chloride. UvrB was loaded onto a 5 mL Q-column and subjected to a Buffer A at 100 mM
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sodium chloride for 2 CV, an 8 CV gradient to 600 mM sodium chloride, and 2 CV at 600 mM sodium
chloride.
UvrA and UvrB were pooled and concentrated using EMD Millipore Amicon Ultra-14
concentrators with a 50 and 30 kilodalton (kDa) molecular weight cutoff, respectively. Proteins were
loaded onto a 320 mL SuperDex200 column and pre-equilibrated with their respective size exclusion
buffers (UvrA: 25 mM TRIS-HCl pH 7.4, 400 mM sodium chloride, and 5 mM βME; UvrB: 25 mM TRISHCl pH 7.4, 400 mM sodium chloride, and 5 mM βME). Proteins were concentrated using the previously
described concentrators until approximate concentration of 70 µM for UvrA and 250 µM for UvrB.
Concentrations were determined by using the average of three A280 measurements from a nanodrop
instrument. Molecular weights (UvrA: 107,823.61 Da, UvrB: 78,155 Da) and extinction coefficients (UvrA:
63,150 M-1 cm-1, UvrB: 34,531.59 M-1 cm-1) were calculated using ExPasy ProtParam (Gasteiger et al.,
2005).

4.3.2.

Preparation of a G. stearothermophilus UvrA2UvrB2-DNA complex
Pre-formed complex was formed by first preparing a UvrA2UvrB2 complex as previously

described. In complexing buffer (20 mM TRIS-HCl pH 7.4, 150 mM sodium chloride, 5% glycerol, 5 mM
βME, 5 mM magnesium chloride, and 1 mM ATP), 20.00 µM of UvrA was mixed with 40.00 µM UvrB
(Pakotiprapha et al., 2012). Protein was allowed to complex overnight at 4 °C. Protein was concentrated
using a Corning SpinX UFC 6 concentrator with a 30 kDa concentrator and loaded onto a 320 mL
SuperDex 200 column pre-equilibrated with complexing buffer. The column was run at 1 mL per minute
for 1 CV. The protein was pooled and concentrated to 31.49 µM as estimated by a Bradford assay.
Protein was mixed with DNA at a 1 mole UvrAUvrB complex:1.2 mole DNA ratio in complexing
buffer. Protein and DNA were allowed to interact at room-temperature for 1 hour, while solution was
mixing. The solution was spun down at 3,600 RPM and the solution was decanted from a white pellet.
The pellet was run on a gel and showed no visible UvrA or UvrB proteins (data not shown). The protein
was concentrated to 20.00 µM as estimated by a Bradford assay. Protein was flash frozen in liquid
nitrogen and stored at -80 °C.
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4.3.3.

T. maritima UvrA and UvrB protein growth and purification
Plasmids containing either UvrA or UvrB with an N-terminal histidine-tag in pET11a were

transformed into homemade Rosetta (DE3) pLysS cells. Transformations were plated onto agar plates
containing LB and supplemented with chloramphenicol (34 µg/mL) and ampicillin (100 µg/mL) and
incubated overnight at 37 °C. Colonies were floated into 1 L of LB supplemented with the same antibiotics
and incubated overnight at 37 °C and 180 RPM. Overnight cultures were added to 9 L of super broth
(homemade) in a fermenter at 37 °C, 450 RPM, and with a flow rate of 0.5 L per minute of oxygen
supplied. Cultures were grown until an OD600 of approximately 3.00 and induced with 1 mM IPTG. Culture
was induced overnight at 16 °C and harvested at 3,600 RPM. Pellets were resuspended at 6 g/mL using
resuspension buffer (40 mM sodium phosphate pH 7.0, 5% glycerol, 1.4 mM βME, and with 500 mM or
150 mM sodium chloride for UvrA and UvrB respectively) and frozen at -80 °C.
Cells were defrosted and the sodium chloride concentration was increased to 1 M in the case of
UvrB. PMSF was added to 1 mM. Proteins used in gel shift assays excluded the remainder of this
purification protocol. UvrA was heat shocked at 55 °C for 30 minutes and placed on ice for 10 minutes.
UvrA was ultra-centrifuged for 1 hour at 26,000 RPM and 4 °C. Protein was decanted, sodium chloride
was increased to 1 M, 10% polyethylenimine (PEI) was added dropwise to 0.5%, and the solution was
mixed at room-temperature for 30 minutes. Mixture was centrifuged for 30 minutes at 4 °C and 16,000
RPM. Protein was decanted, saturated ammonium sulfate was added to 65%, and the solution was mixed
at room temperature for 5 minutes. Protein was centrifuged as before, and the pellets were resuspended
in resuspension buffer supplemented with 10 mM imidazole and 0.5 M sodium chloride.
Proteins were mixed with nickel-NTA beads for 45 minutes and added to a gravity-flow column.
UvrA was washed with solutions containing the resuspension buffer at 10, 20, and 40 mM imidazole,
while UvrB was washed with solutions containing the resuspension buffer at 10, 20, and 50 mM
imidazole. Proteins were eluted by resuspension buffer supplemented with 250 mM imidazole. UvrA was
diluted until the sodium chloride concentration was 100 mM using buffer A (25 mM TRIS-HCl pH 7.5 and
5 mM βME). UvrB was diluted using buffer A until the sodium chloride was 40 mM. UvrA and UvrB were
loaded onto pre-equilibrated 10 mL heparin column and a 60 mL Q column, respectively. UvrA was eluted
by running buffer A for 2 CVs at 100 mM sodium chloride, an 8 CV gradient to 1.6 M sodium chloride, and
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2 CVs at 1.6 M sodium chloride. UvrB was eluted by buffer A for 2 CVs 40 mM sodium chloride, an 8 CV
gradient to 2 M sodium chloride, and 2 CV at 2 M sodium chloride. In both cases, protein was pooled and
concentrated using EMD Millipore Amicon Ultra-14 concentrators with a 30 kDa molecular weight cutoff.
UvrA or UvrB was loaded onto a 320 mL SuperDex 200 column pre-equilibrated with size-exclusion buffer
(20 mM HEPES pH 7.0, 5 % glycerol, 1 mM dithiothreitol (DTT), and UvrA: 400 mM sodium chloride or
UvrB: 500 mM sodium chloride). Proteins were eluted by running the column for 1 CV. UvrA and UvrB
were pooled after their respective runs and concentrated using the previously described concentrators
until 57.5 µM and 218 µM, respectively. Proteins were flash frozen in liquid nitrogen and stored at -80 °C.

4.3.4.

Oligonucleotides used
For experiments using only UvrA, 32-mer duplexed DNAs were used (Figure 4.1). For

experiments examining both UvrA and UvrB and microscale thermophoresis experiments, 45-mer
duplexed DNAs were used (Figure 4.1). The 32-mer and 45-mer duplexed DNAs were similar for the
central 32 base pairs, differing only in the outer base pairs (Figure 4.1). Duplexes used were either
undamaged, with proper base-pairing, or had a centralized 3 base pair mismatch, where proper WatsonCrick base-pairing was not possible. Duplexes for UvrB loading assays were 72 base pairs long. DNAs
were ordered from Integrated DNA Technologies (IDT) with standard desalting. Duplexing was completed
by mixing DNA strands at a 1:1 M ratio, placed in a heating block at 95 °C for 10 minutes, and then the
heating block was turned off and the sample was allowed to cool to room-temperature.

4.3.5.

Preparation of T. maritima UvrA2UvrB2-DNA complex for mass spectrometry
A solution was prepared with complexing buffer with 30 µM of duplexed DNA, as previously

described. UvrA was added to the sample for a final concentration of 30 µM. Sample was subjected to a
55 °C heat bath for 15 minutes. Sample was placed on ice for 10 minutes and UvrB was added to 30 µM.
Sample was heated to 55 °C in a heat bath for 10 minutes. Sample was placed on ice for 10 minutes,
flash frozen in liquid nitrogen, and stored at -80 °C until used.
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Figure 4.1: Duplexed DNAs for UvrA2UvrB2 experiments. Duplexed DNAs used in the presented study
are shown here. Duplexed DNAs are either 32 or 45 base pairs long, where the longer duplexed DNAs
are used for studies featuring both UvrA and UvrB. The 32 base pair duplexes were used for control
sturdies featuring only UvrA2. The damaged duplexed DNAs feature a centralized 3 base pair mismatch.

4.3.6.

Microscale thermophoresis
For all experiments, a Monolith His-Tag Labeling Kit RED-tris-NTA (Nanotempertech) was used.

In a control reaction, the KD was determined for the histidine-tag for UvrA. A KD of 10 nM for the UvrA
dimer was determined, indicating that all UvrA dimer concentrations would need to be above 15 nM to
prevent a drop in raw fluorescence counts. For undamaged DNA analysis, 40 nM of UvrA was used. For
DNA (ligand) concentrations, a range was used, dependent on the KD. Some experiments were
completed successfully at 5 nM. All values were obtained using a Monolith NT.115 instrument and
binding values were calculated using the accompanied software. The excitation color used was red, with
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auto-detect excitation power, and medium MST power. All experiments were completed in UvrA-MST
buffer (20 mM HEPES pH 7.0, 150 mM sodium chloride, 5 mM magnesium chloride, 0.05% Tritton X-100,
and 1 mM DTT) at room temperature.

4.3.7.

UvrB loading assays
Either 4% or 8% polyacrylamide gels were used with 0.5x Tris/Borate/EDTA (TBE) buffer, 10 mM

magnesium chloride, and 1 mM ATP. The running buffer was of the same buffer composition. UvrA was in
0 to 10 nano nM concentrations and UvrB was used in 0 to 100 nM concentrations. DNA was labeled with
P32 and used at 0.2-2 nM concentrations. Protein and DNA were mixed in loading assay buffer (50 mM
TRIS-HCl pH 7.5, 75-200 mM sodium chloride/potassium chloride, 5% glycerol, 10 mM magnesium
chloride, 1 mM ATP, and 0.1 mg/mL Bovine serum albumin [BSA]). Reactions were incubated 55 °C for
10 minutes, loaded onto a pre-run gel at 50 Vs for 1 hour, and run at 75 Vs for 1 hour on ice.

4.3.8.

Grid preparation
Grids were plasma cleaned at 70% power, with a gas flow of 30% (75/25 parts argon/oxygen) for

60 seconds, using a NanoClean model 1070 (Fischione Instruments). G. stearothermophilus UvrA2UvrB2
complex was thawed on ice. Complex was diluted to 4 µM using complexing buffer, providing fresh ATP
to the complex. From the resulting solution, 3.0 µL was pipetted onto a freshly prepared grid. The sample
was allowed to absorb for 30 seconds at 100% humidity and 4 °C, blotted for 3 seconds at a blot force of
4. Sample was plunge frozen in liquid-nitrogen cooled liquid-ethane. Grid preparation was performed
using a Vitrobot Mark IV (FEI, Hillsboro, Oregon). Grids were stored in liquid nitrogen until data
acquisition.

4.3.9.

Single-particle cryo-electron microscopy image acquisition
Loading and image acquisition was completed by the Simons Electron Microscopy Center at the

New York Structural Biology Center. Grids were loaded into a Titan Krios (FEI, Hillsboro, Oregon), fitted
with a Gatan K2 Summit (Gatan, Pleasanton, California) direct electron detector with an acceleration
voltage of 300 kV. Single particle images were recorded at a pixel size of 1.073 angstroms (Å). Images
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were recorded with a spherical aberration of 2.70 mm and an amplitude contrast of 0.07. A defocus range
of -1.0 to -4.5 µm with a dose rate of 64 electrons/Å2. A single 24-hour session produced 1,348 images.
Automatic hole targeting using LEGINON software suite was used (Suloway et al., 2005).

4.3.10. Cryo-electron microscopy image analysis
Contrast transfer functions were estimated via CTFFind4 and gCTF (Rohou & Grigorieff, 2015;
Zhang, 2016). From selected frames, 626 particles were manually picked. The manually picked particles
were extracted using a 256-box size. From the extracted particles, 15 2-D classification were made in
Relion and 5 were chosen for particle autopicking (Fernandez-Leiro & Scheres, 2017; Kimanius,
Forsberg, Scheres, & Lindahl, 2016; Scheres, 2012). Autopicking resulted in 480,180 particles. Through a
series of 2-D and 3-D classifications the particles were limited to 67,000. Refinement and post-processing
in Relion resulted in a volume estimated at 7.25 Å (Fernandez-Leiro & Scheres, 2017; Kimanius et al.,
2016; Scheres, 2012).

4.3.11. Model building and analysis
The volume map was flipped using UCSF Chimera (Version 1.13.1), after it was determined that
MolRep could not place UvrA monomers properly within the volume (Pettersen et al., 2004). Through
visual analysis in UCSF Chimera, it was determined that the volume was likely similar to the published
UvrAUvrB structure (Protein data bank [PDB]: 3UWX) (Pakotiprapha et al., 2012). However, it appeared
that the insertion domain (residues 287-399) has moved significantly. Therefore, a UvrA2UvrB2 PDB was
constructed from 3UWX, where the insertion domains from both UvrA molecules were removed. The
constructed PDB was used in MolRep using CCP4i (A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov,
1997; A Vagin & Teplyakov, 2000; Alexei Vagin & Teplyakov, 2010).
After proper placement of the UvrA2UvrB2 PDB without the insertion domains, the structure was
analyzed in UCSF Chimera (Pettersen et al., 2004). MolRep was attempted with the insertion domains;
however, the domain was placed upside down or in the wrong area (A. A. Vagin & Isupov, 2001; A. Vagin
& Teplyakov, 1997; A Vagin & Teplyakov, 2000; Alexei Vagin & Teplyakov, 2010). Both insertion domains
were placed by hand in UCSF Chimera (Pettersen et al., 2004). The new PDB was used in MolRep to

124

determine whether the new PDB was a good fit, based off the fit score (A. A. Vagin & Isupov, 2001; A.
Vagin & Teplyakov, 1997; A Vagin & Teplyakov, 2000; Alexei Vagin & Teplyakov, 2010).
After determining the proper structure, Phenix real-space refinement was used with stimulated
annealing, morphing, and using reference model restraints (Afonine et al., 2018). Real-space refinement
was completed in 20 macro-cycle refinements, until the correlation coefficient no longer improved
(Afonine et al., 2018). Ramachandran plots and quality of the results was completed by ProCheck (Lovell
et al., 2003). Structure was examined using PyMol, DynDom, and Superpose (R. A. Lee et al., 2003; Maiti
et al., 2004; “The PyMOL Molecular Graphics System,” 2015).

4.3.12. Native mass spectrometry
Native mass spectrometry of all samples was carried out at variable protein and DNA
concentrations as indicated. DNA duplexes used were either 32 or 45 base-pairs and either undamaged
or had a centralized 3 base-pair mismatch as indicated above. Proteins were buffer-exchanged into MS
buffer (450 mM ammonium acetate pH 7.5, 0.5 mM magnesium acetate, and 0.01% Tween-20) using a
Zeba microspin desalting column (Thermo Scientific) with a 40 kDa molecular weight cut-of. Variable ATP
concentrations were used as indicated. Proteins were typically mixed, except where indicated, prior to
buffer exchange. An aliquot of 2-3 µL of the buffer-exchanged sample was loaded into an in-house
developed fabricated gold-coated quartz capillary. The sample was sprayed into an Exactive Plus EMR
instrument (Thermo Fisher Scientific) using a static nanospray source. Several MS parameters were used
1.0-1.4 kV spray voltage, 100 °C capillary temperature, 10 Vs in-source dissociation, 200 S-lens RF level,
8,750 at m/z of 200 resolving power, 0.5-3 x106 AGC targets, 5 microscans, a 200 millisecond maximum
injection time, 8 V injection flatapole, 4 V interflatapole 4 °C, 4 V bent flatapole, 200 V high-energy
collision dissociation, 8-9 x 10-10 mbar ultrahigh vacuum pressure, and 100 total scans. The instrument
was mass-calibrated using cesium iodide. The native mass spectra were visualized using Thermo
Xcalibur Qual Browser (version 3.0.63) and deconvoluted manually. All mass spectral data were
measured and deconvolted in the laboratory of Brian Chait, Ph.D., at the Rockefeller University.
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4.4.

Results

4.4.1.

Attempts to isolate a G. stearothermophilus UvrA2UvrB2-DNA complex
To form a G. stearothermophilus UvrA2UvrB2-DNA complex, a UvrA2UvrB2 complex was formed

as previously described (Pakotiprapha & Jeruzalmi, 2013; Pakotiprapha et al., 2012). Complex was
isolated using size-exclusion elution peaks. The size-exclusion peaks suggested a complex containing
both UvrA and UvrB (Figure 4.2A). Additionally, attempts were made to bind complex to DNA. Separately,
UvrA, UvrB, and DNA were mixed. An isolated complex was not confirmed by electrophoretic mobility
shift assays (EMSAs), instead UvrB was loaded or resulted in a well shift (Figure 4.2B).
Complex formation was also attempted with T. maritima UvrA and UvrB. EMSA analysis revealed
that a new complex formed in the given conditions (Figure 4.2C). Unlike UvrB loading as seen in G.
stearothermophilus UvrA, the new band for T. maritima UvrA-UvrB-DNA was shifted above the UvrA-DNA
complex, evident of a UvrA2UvrBx-DNA complex.
For G. stearothermophilus UvrA, a KD of 1.77 µM for undamaged DNA was determined by an
average of two experiments (Table 4.1). When ATP was included, the KD changed to 77.3 nM, indicating
tighter binding upon nucleotide addition. Because of the low KD of undamaged DNA, the new KD could be
a KD of nucleotide binding. In the absence of nucleotide, four separate experiments revealed a K D, apparent
of 4.97 nM for damaged DNA containing a 3 base-pair mismatch (Figure 4.1). Based on one experiment,
the binding changed for damaged DNA, such that an EC50 of 4.09 nM with a hill coefficient of 0.4 when
adenosine diphosphate (ADP) was indicated. Finally, when ATP was included, the binding changed
further. An average EC50 of 1.62 nM with an average hill coefficient of 1.2 from four experiments is
reported. T. maritima UvrA and DNA binding was also attempted, but due to significant binding to
capillaries, accurate values could not be obtained.

4.4.2.

Mass spectrometric analysis of the G. stearothermophilus UvrA-UvrB-DNA complex
Proteins, UvrA and UvrB, were purified and mixed along with DNA as described. These samples

were analyzed via mass spectrometry. As controls, damaged and undamaged DNA, UvrA, and UvrB
samples were run separately (Figure 4.3). All samples were easily identified, with DNA shown as mostly
duplexed. UvrB had a mass difference from the expected mass, as calculated by EXPASY, of -1.4
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Figure 4.2: Biochemical examination of the UvrA2UvrB2-DNA complex. (A) A size-exclusion profile of
G. stearothermophilus UvrA-UvrB, demonstrating a UvrA2UvrBx complex is formed under experimental
conditions. Excess UvrB is added to ensure all UvrA is in complex with UvrB. (B) A G. stearothermophilus
UvrB loading assay. Despite smearing, several steps of the NER pathway are visible here. Namely, UvrA2
bound to DNA and UvrB bound to DNA. UvrB bound to DNA indicates UvrB being loaded by UvrA. (C) A
T. maritima UvrB loading assay. Again, smearing is evident. However, several bands are clearly visible.
UvrB loading is noticed. Also, a UvrA2UvrBx band is clearly visible, indicating complex formation and
binding to DNA.

Da. The UvrB dimer was not examined in close detail, although it was present (data not shown). UvrA
was always a dimer and had a mass difference of +593 Da from the expected mass of the UvrA2 as
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Table 4.1: Summary of thermophoresis results. Measurements indicate different binding coefficients
depending on if damage is present or if nucleotide is present.
His-tag (control)
[UvrA2] (nM)

[Tag]

Excitation power

KD (nM)

25

10-11 – 10-5

40%

2.4445

[UvrA2] (nM)

[DNA]

Excitation power

KD (µM)

10

10-7 – 10-2

80%

2.79

10

10-10 – 10-5

100%

0.741

Average

1.76

Undamaged DNA without nucleotide

Undamaged DNA with ATP
[UvrA2] (nM)

[DNA]

Excitation power

KD (nM)

10

10-10 – 10-5

100%

77.3

[UvrA2] (nM)

[DNA] (M)

Excitation power

KD (nM)

10

10-11 – 10-5

100%

5.04

5

10-12 – 10-6

100%

4.96

5

10-12 – 10-6

100%

5.21

5

10-12 – 10-6

100%

4.67

Average

4.97

Excitation power

EC50 (nM)

3 base-pair mismatch DNA without
nucleotide

3 base-pair mismatch DNA with ADP
[UvrA2] (nM)
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[DNA] (M)

5

10-12 – 10-6

100%

4.09

[UvrA2] (nM)

[DNA] (M)

Excitation power

EC50 (nM)

5

10-12 – 10-6

100%

1.47

10

10-11 – 10-5

60%

1.94

5

10-11 – 10-5

100%

1.68

5

10-11 – 10-5

100%

1.39

Average

1.62

3 base-pair mismatch DNA with ADP

calculated by EXPASY. The expected mass does not include possibly bound zinc, nucleotides, or posttranscriptional modifications. All samples alone were deconvoluted and the mass was calculated as
described.
The afore described “pre-formed complex” was examined to determine the species present.
Significant heterogeneity was observed in the sample, revealing a total of 6 species: a UvrB dimer, UvrA
dimer alone, UvrA dimer bound to DNA, a UvrA dimer bound to a single UvrB, and a UvrA dimer bound to
two UvrB molecules (Figure 4.4). The UvrA dimer bound to DNA was the only complex bound to DNA.
UvrB and UvrA2UvrBX complexes were not observed.
In stepwise preparation A, significant precipitation was observed at 150 mM ammonium acetate
(Figure 4.5A). Despite precipitation, UvrB, a UvrB dimer, and the previously described unknown species
were visible in the samples. At 150 mM ammonium acetate, no UvrA species were visible. At 500 mM
ammonium acetate in the presence of damaged DNA, a UvrA dimer and a UvrA dimer bound to two UvrB
molecules were present (Figure 4.5A). Interestingly, in the presence of undamaged DNA, a UvrA dimer
was observed, but UvrA was never bound to UvrB. In all cases, this preparation method yielded no
complex bound to DNA. Lastly, ATP addition was attempted. Regrettably, ATP addition caused the peaks
to broaden significantly and it could not be determined what species were present (Figure 4.5B).
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Figure 4.3: Mass spectrometry of UvrA, UvrB, and DNA. (A) Both damaged and undamaged DNAs
had a measured mass of 27,678 Da, similar to the expected masses. Both spectra demonstrate the DNAs
had few to no contaminants and were properly duplexed. (B) UvrB has a measured mass of 78,022.4 Da,
within 1.4 Da of the expected mass. Only the monomer is shown, but dimerized UvrB was present.
Additional molecular weight species at +176 and +245 Da were present, possibly explained by nucleotide,
magnesium, or other molecules binding. UvrA2 had a measured mass of 216,255 Da, a difference of 593
Da from the expected mass for the UvrA dimer. Additional mass species were present at +150, +409,
+589, +845 Da. The differences in masses are explained by nucleotide binding, zinc binding, and
magnesium binding.

Stepwise sample B yielded several interesting results. First, analysis of UvrA mixing with DNA
was completed. UvrA dimer and a DNA-UvrA2 complex was observed (Figure 4.6). Increasing the amount
of damaged DNA in the sample increased the approximate percentages of UvrA2 bound to DNA verses
unbound from 30% to 75%. When UvrB was added to the mixture, UvrB monomer and UvrB dimer were
observed (Figure 4.6). In all cases, a UvrA2UvrB2-DNA complex was never observed.
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Figure 4.4: Mass spectrometry of a pre-formed UvrA2UvrB2-DNA complex. Several G.
stearothermophilus complexes are present, namely a UvrA2UvrB2, UvrA2UvrB1, UvrA2-DNA, UvrA2,
UvrB2, and an unknown are shown. Additionally, a UvrB monomer was present, but not shown here. It is
interesting that the only complexed DNA is a UvrA2-DNA complex. UvrB never appears to be associated
with the DNA. Damaged DNA, containing a central 3 base pair mismatch, was used in these results.

4.4.3.

Mass spectrometric analysis of T. maritima UvrB, and UvrA, and damaged DNA
There were five species upon T. maritima UvrB examination (Figure 4.7A). The apo form was

measured at 77.5 kDa (form A), the dominant form (Figure 4.7A). There was a second form of UvrB at
+66 Da (form B) and a UvrB dimer at 155.1 kDa (form E). Other lower populated versions were at +177
Da (form C) and +257 Da (form D). Additionally, an unknown contaminant was present at 100.6 kDa.
Interestingly, when ATP was added to UvrB before buffer exchange into 500 mM ammonium acetate, the
dominant form shifts from form A to form B.
T. maritima UvrA2 was initially measured at 209 kDa when no nucleotide was bound (Figure
4.7B). T. maritima UvrA had two shoulders, one below and one above the main peak. Sample was
exposed to ATP before buffer exchange. The shoulders likely indicated nucleotide binding. When DNA
was added, at a M ratio of 1 UvrA:1.2 DNA, full binding was observed. At full DNA binding, no unbound
UvrA was visible, and the peaks below and above the main peak remained present.
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Figure 4.5: Stepwise assembly of a UvrA2UvrB2-DNA complex. (A) Attempts were made to lower the
ammonium acetate from 500 mM to 150 mM to determine whether high concentration was preventing
DNA association. Although low ammonium acetate concentrations were successfully sprayed, sample
was precipitating, which may explain the lack of G. stearothermophilus UvrA in the sample. Samples were
made by first mixing UvrA and UvrB. After an approximate 15-minute room temperature incubation, DNA
was added. The previously described unknown is present here. At 500 mM ammonium acetate, DNA a
UvrA2 and UvrA2UvrB2 complex are present, although not bound to DNA. UvrB again is never associated
with DNA. When examining undamaged DNA, UvrA2 is the main species, never associating with UvrB.
(B) Again, a stepwise assembly method was used here. Only the UvrA 2 is shown here, where little to no
binding with DNA is present for both damaged and undamaged DNA. When ATP was included, the lines
were broadened making it difficult to perceive the molecular weight and understand whether DNA is
bound, despite a possible rightward shift.
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Figure 4.6: Stepwise assembly of a G. stearothermophilus UvrAUvrB-DNA complex. A new
stepwise assembly option is used here, where UvrA and DNA are incubated first. After UvrA and DNA
have time to associate, UvrB is added. Interestingly, using this assembly method, a UvrA 2-DNA complex
is formed. Increasing DNA concentration increased the amount of UvrA bound. When UvrB was added
(bottom), only UvrB1 and UvrB2 are formed in addition to the previous experiments. UvrB never appears to
be associated with UvrA or DNA.

4.4.4.

Mass spectrometric analysis of a T. maritima UvrAUvrB complex on damaged DNA
Initially a mixture of UvrA and UvrB without DNA or ATP was examined (Figure 4.8A). In this

sample, UvrB was deconvoluted at 77.5 kDa and a UvrB dimer was determined at 155.1 kDa. The
contaminant seen in the UvrB samples remained at 100.6 kDa (Figure 4.7B). The UvrA dimer waivered
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Figure 4.7: Titration of DNA with T. maritima UvrA and UvrB. (A) All samples had 100-150 µM of ATP
prior to buffer exchange, except for the 1.5x M ratio difference has 300 µM. DNA addition clearly shows a
shift, with all UvrA bound to DNA. (B) UvrB was analyzed and when ATP was added prior to buffer
exchange, the main species was shifted +62 Da. The +62 Da species that was already present in the
non-ATP included sample, but at a lower ratio. No additional nucleotide binding could be determined from
these spectra.

slightly to 208.1 kDa. Oddly, a species was visible at 416.5 kDa. The 416.5 kDa molecular weight
suggested a UvrA4 complex. Very small amounts of UvrA2UvrB1 complex was seen at 285.7 kDa. Also, a
low percentage of UvrA2UvrB2 complex was seen at 363.3 kDa. Between the two complexes
approximately 60% was UvrA2UvrB2 and approximately 40% was UvrA2UvrB1.
A sample containing UvrA, UvrB, and DNA, where ATP was not added, was examined (Figure
4.8B). Within this sample, three species could not be determined. A species at 100.6 kDa previously seen
in all T. maritima UvrB samples, a sample at 224.4 kDa, and a final sample at 142.9 kDa were present.
The masses of these unknowns were not multiples of any UvrA, UvrB, or DNA combination. A UvrB
monomer (data not shown) and a UvrB dimer were visible. A UvrA2 species was not present. All UvrA
appeared to be bound to DNA. Two forms of UvrA2 bound to DNA was determined: UvrA2-DNA and
UvrA2UvrB1-DNA. A UvrA2UvrB2 DNA bound form could not be determined.
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Figure 4.8: Mass spectrometric analysis of T. maritima UvrA, UvrB, and DNA. (A) When UvrA and
UvrB were mixed without ATP, a very mixed species sample was shown. Species present included UvrB,
UvrB2, UvrA2, UvrA2UvrB1, UvrA2UvrB2, and UvrA4. Complexes were in much larger ratios. An unknown
was present at 100.6 kDa and was present in all UvrB samples (data not shown). (B) When DNA was
included, the majority of the samples resembled those in Figure 4.8A. The only noted new species were
unknowns at 222.4 kDa and 142.9 kDa, not seen in other samples, and a UvrA 2UvrB1-DNA complex. The
UvrA2UvrB1-DNA was present at a very small ratio. The unknowns did not match any combinations of
UvrA, UvrB, or DNA. No complexes matched the expected molecular weight of UvrB-DNA (105 kDa).

A final experiment, a UvrB titration, was used to form a stable UvrA2UvrB2-DNA complex (Figure
4.9A). Like the previous experiment, a UvrB monomer and a UvrB dimer was present. Unfortunately, a
strong contaminant at 100.6 kDa remained, as it has with all previous T. maritima UvrB experiment. The
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100.6 kDa contaminant made it difficult to deconvolute other species. Additionally, a contaminant at 147.9
kDa appeared in the first two samples, a mass that does not correspond to UvrA, UvrB, or DNA
combinations. Oddly, this sample was visible in all UvrA+UvrB+DNA samples, but not in the controls
(Figures 4.7 and 4.9B).

Figure 4.9: A UvrB titration in the presence of ATP. (A) Starting from the bottom, the concentrations of
UvrB are increased compared to UvrA. Prior to buffer exchange, ATP was included at 300 µM. The top
spectra included 15 µM of ATP after buffer exchange. Despite increasing UvrB ratios, UvrB does not
appear to bind to UvrA or DNA. (B) These spectra are a close-up examination of the designated areas of
the spectra in A.

4.4.5.

Structural examination of a novel G. stearothermophilus UvrA2UvrB2 structure
A new structure determined by cryo-electron microscopy was determined. The previous structure

had a distance for DNA binding, as measured by tyrosine (Y) 95 of the two UvrB molecules, of 145 Å
(Pakotiprapha et al., 2012). The structure reported here has a distance of 147.5 Å, between the Y95
residues of each UvrA unit. The overall molecule has approximate dimensions of 209.9 Åx90 Åx99 Å.
Due to the low-resolution nature of this structure, the states of the proximal and distal ATPase sites could
not be determined (Table 4.2).
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Table 4.2: MolRep results. UvrA2UvrB2 was used for MolRep, with the insertion domains removed. After
placement, the placed UvrA2UvrB2 molecule without the insertion domains was used as a fixed molecule.
The insertion domains were then placed one at a time using MolRep. For the second insertion domain the
fixed molecule was UvrA2UvrB2 with one insertion domain. Because of poor placement of the insertion
domains, the insertion domains were hand placed. The UvrA2UvrB2 with hand placed insertion domains
was placed with MolRep and featured a high score, indicating correct placement. Cross rotational function
(RF), full-symmetry translation function (TF), and the insertion domain (ID) is indicated.
Experiment

Model/

number

searched

1

UvrA2UvrB2

Fixed model

# units

RF

TF

wRfac

Score

searched

Calculate
resolution Å

None

1

1

1

1.000

0.436

6.61

None

1

1

1

1.000

0.451

6.61

Model from

1

4

1

1.000

0.505

7.18

1

5

1

1.000

0.495

7.18

(IDs hand
placed)
2

UvrA2UvrB2
(IDs removed)

3

ID

experiment 2
4

ID

Model from
experiment 3

The UvrA2UvrB2 (3UX8) molecule was used as MolRep with the insertion domains removed
(Table 4.2) (A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov, 1997; A Vagin & Teplyakov, 2000; Alexei
Vagin & Teplyakov, 2010). Following, the insertion domains were placed into the volume using chimera
(Pettersen et al., 2004). The new PDB was used in MolRep and the score indicated a good fit (Table 4.2).
Following MolRep, real space refinement was completed until the correlation coefficient no longer
increased (Table 4.3) (Afonine et al., 2018). Despite the respectable correlation coefficient 0.67 for the
masked molecule, a high crash score of 24.35 with 0.4% Ramachandran outliers was reported (Table 4.3
and figure 4.10) (Lovell et al., 2003; A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov, 1997; A Vagin &

137

Teplyakov, 2000; Alexei Vagin & Teplyakov, 2010). A final resolution of 8.8 Å when masked or 8.5 Å
when unmasked is reported (Table 4.3 and figure 4.10E).
The structure has a DNA binding area similar to the previous closed-tray structure (Pakotiprapha
et al., 2012). However, the DNA binding area is significantly blocked by rotation from the insertion
domains into the DNA binding area. A rotation in the insertion domain into the DNA binding area has not
been seen in previous structures (Figure 4.11A).
In the presented structure, contacts are made between a loop in the signature II domain and a
helix-loop-helix motif of the insertion domain (Figure 4.11B). Within the second UvrA monomer, chain B, a
contact made between the insertion domain and the signature II domain is still noted. The contact area
within the insertion domain is with a similar number of residues, approximately 10 residues, 384:393
(residues: Arginine (R)-glutamic acid (E)-threonine (T)-serine (S)-S-aspartic acid (D)-Y-isoleucine (I)-R-E)
in the first case and 336:346 (residues: D-Leucine (L)-proline (P)-lysine (K)-E-glutamine (Q)-L-Q-L-D-K-IL) in the second. Interestingly, both contacts are made with a helix-loop-helix motif within the insertion
domain. Additionally, when each UvrA monomer was superimposed using α-carbons, the signature II
domains overlapped well (Figure 4.11C). It should be noted that several charged residues are in close
approximately here in both described interactions and it is likely that several residues would be making
salt-bridges or other polar interactions that could be detected at higher resolutions. Both described
interactions appear to be likely. However, due to the difficulty in placing the insertion domain, the
described interactions should be taken with caution. Outside of the insertion domain no other new notable
contacts were determined. Alignment of the previous crystal structure to the new UvrA2UvrB2 structure
described here by α-carbons has an overall RMSD of 3.735 Å (Pakotiprapha et al., 2012; “The PyMOL
Molecular Graphics System,” 2015). To examine the symmetry of the new structure, the UvrA2UvrB2
structure was broken into two UvrAUvrB molecules and superimposed on one another. The largest
differences appeared to be in the insertion domain and the UvrB-binding domains of UvrA (Figures 4.11C
and 4.12A).
A slight movement is noted in the signature I and II domains (Figures 4.11C and 4.12A).
Interestingly, the distance between the signature II domains within the two UvrA molecules is separated
by only 103.8 Å, as described by the distance of K718. A separation of 103.8 Å closely resembles the
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Table 4.3: Real-space refinement results. High correlation coefficients are reported, with the lowest
results being the zinc molecules. Resolution is reported as 8.5-8.8 Å depending on masking.
Ramachandran results suggested 0.4% outliers.
Composition (#)
Chains:
Atoms:
Residues:
Water:
Ligands

6
24,386
3,080
0
Zn: 6

Lengths (Å) (# > 4σ)
Angles (°) (# > 4σ)

0.028 (160)
2.145 (491)
3.56
24.35

Outliers
Allowed
Favored

0.4
20.0
79.6
14.75
14.75
0.32
0.0/0.0
14.0/5.5
13.17

Hydrogens:
Nucleotide:

0
0

Bonds (RMSD)

MolProbability score
Clash score
Ramachandran plot (%)

Rotamer outliers
Cβ outliers (%)
Peptide plane (%)
Cis proline/general
Twisted proline/general
CaBLAM outliers (%)
ADP (B-factors)
Iso/aniso (#)
Min/max/mean

24,386/0
Protein
Nucleotide
Ligand
Water

113.23/999.99/561.66
--515.00/999.99/919.16
---

Occupancy
Mean
Occ = 1 (%)
0 < occ < 1 (%)
Occ > 1 (%)

1.00
100.00
0.00
0.00

Lengths (Å)
Angles (°)

119.84
90
6.5
Masked
---

Unmasked
---

8.8/---/--8.0
6.0/7.6/9.5

8.5/---/--8.2
6.9/7.8/10.1

Data
Box

Supplied resolution (Å)
Resolution estimates (Å)
d FSC (half map:
0.143)
d 99 (full/half1/half2)
d model
d FSC model
(0/0.143/0.5)
Map min/max/mean

-0.48/1.02/0.00
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128.4
90

231.12
90

Model vs. data
CC (mask)
CC (box)
CC (peaks)
CC (volume)
Mean CC for ligands

0.67
0.80
0.55
0.66
0.46

Figure 4.10: Real-space refinement structural results. (A) The correlation coefficients based off real
space refinement are plotted. Colors are as follows: UvrA unit A blue, UvrA unit B red, UvrB unit 1 orange,
and UvrB unit 2 green. Zinc are shown as dots at residues 1,000-1,001. The resolution was likely too low
to accurately determine zinc location. (B) The overall correlation coefficients of the different chains are
presented here, with the same coloring as in Figure 4.10A. The insertion domains (ID) show high
correlation coefficients, suggesting proper placement. The second UvrB monomer has a low correlation
coefficient. (C) A Chi1-Chi2 plot for arginine shows high placement in favorable areas. (D) A
Ramachandran plot of the final structure demonstrates most residue placement within the favorable
areas. Some outliers are noted. (E) The Fourier resolution correlation graph demonstrates a masked
resolution of 8.5 Å and unmasked resolution of 8.8 Å.
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Figure 4.11: Structural representation of the new UvrA2UvrB2 structure. (A) Colors are as in Figure
1.11A. Structure shows similar domain orientations, with the most notable difference being the movement
of the insertion domains into the DNA binding area. As part of this movement, there is now an interaction
between the signature I domain and the insertion domain. (B) The separate UvrA monomers from the
newly reported structure are overlapped. Both show high similarity in the signature I domain, making it
difficult to see any separation in this domain. The insertion domains were less well overlapped and large
differences are visible. It is proposed here that an interaction is occurring between residues 723-749 of
the signature I domain in both UvrA monomers and the insertion domain residue 291-339 of one UvrA
monomer and 384-393 of the second UvrA monomer. It is possible the two insertion domains are rotated
compared to one another due to the low-resolution. (A and B) Figure was rendered using PyMol (“The
PyMOL Molecular Graphics System,” 2015). (C) Graph from superpose, where distance is measured for
each residue compared to UvrA from 3UWX, with the same coloring scheme as Figure 4.10B (Krissinel &
Henrick, 2004; Pakotiprapha et al., 2012). Additionally, the insertion domain and signature II domains are
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highlighted in green and blue, respectively. The insertion domain was poorly aligned, which is
represented by the few data points superpose was able to determine within this region. The signature II
domain was well aligned, with most distances below 6 Å.

Figure 4.12: UvrA monomer and signature II domain examination. (A) Colors are as in Figure 1.11.
One UvrA Unit is shown in black to show similarities. All domains appear to be highly similar, with the
largest differences between the insertion domain. (B) The newly described structure and the crystal
structure UvrAUvrB (PDB: 3UWX) are shown in white (Pakotiprapha et al., 2012). The UvrA crystal
structure (PDB: 2R6F) is shown in teal (Pakotiprapha et al., 2008). K718 is shown as spheres and
colored as red for 3UWX, black for the newly reported structure, and yellow for 2R6F. (A and B) Figure
were rendered using PyMol(“The PyMOL Molecular Graphics System,” 2015).
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distance reported in the UvrA structure, rather than the UvrA2UvrB2 structure (Figure 4.12B)
(Pakotiprapha et al., 2008, 2012). A rotation within the signature II domain was previously described to
play a role in DNA binding and UvrB binding (Pakotiprapha et al., 2008, 2012). Our newly reported
UvrA2UvrB2 structure features placement of the signature II domain close to the closed tray structure
(PDB: 3UWX) (Pakotiprapha et al., 2012). The signature II forms a conformation previously expected to
have some difficulty binding to UvrB (Pakotiprapha et al., 2012).
A slight movement is noted in the signature I and II domains (Figures 4.11C and 4.12A).
Interestingly, the distance between the signature II domains within the two UvrA molecules is separated
by only 103.8 Å, as described by the distance of K718. A separation of 103.8 Å closely resembles the
distance reported in the UvrA structure, rather than the UvrA2UvrB2 structure (Figure 4.12B)
(Pakotiprapha et al., 2008, 2012). A rotation within the signature II domain was previously described to
play a role in DNA binding and UvrB binding (Pakotiprapha et al., 2008, 2012). Our newly reported
UvrA2UvrB2 structure features placement of the signature II domain close to the closed tray structure
(PDB: 3UWX) (Pakotiprapha et al., 2012). The signature II forms a conformation previously expected to
have some difficulty binding to UvrB (Pakotiprapha et al., 2012).

4.4.6.

Examination of G. stearothermophilus UvrB
The newly described complex contains two UvrB molecules. One of the UvrB molecules clearly

had volume and the second UvrB had weaker volume, hereby designated UvrB-1 and UvrB-2,
respectively (Figure 4.13A). The UvrB-1 and UvrB-2 monomers fit the density with the removal of UvrA.
Out of 4,809 UvrB atoms, 774 (16.09%) UvrB-1 atoms were outside the 0.14 contour area (“Persistance
of Vision Pty. Ltd.,” 2004; Pettersen et al., 2004). However, 2,880 UvrB-2 atoms (59.89%) were outside
the contour area and moved slightly (“Persistance of Vision Pty. Ltd.,” 2004; Pettersen et al., 2004).
DynDom analysis did not reveal any dynamic regions when the UvrB-1 and the UvrB from the
previous UvrA2UvrB2 (3UWX) crystal structure were analyzed (Hayward & Berendsen, 1998;
Pakotiprapha et al., 2012; “The PyMOL Molecular Graphics System,” 2015). Both newly reported UvrB
units were aligned to the UvrB from the UvrAUvrB structure (Pakotiprapha et al., 2012). Both new UvrB
units had an RMSD of 4.045 Å for a whole protein fit using α-carbons by PyMol, while DynDom reported
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Figure 4.13: The experimental volume and UvrB. (A) Figure was rendered using UCSF Chimera
(Pettersen et al., 2004). The UvrB unit numbering is kept as before for comparison to reported correlation
coefficients. UvrB-2 has only approximately half of the molecule within the reported volume. UvrB is
shown in red and yellow and UvrA is shown in blue and teal. (B) An overlap of the two separate UvrB
molecules. The previously reported UvrB from the UvrAUvrB structure, 3UWX, are shown in light blue
(Pakotiprapha et al., 2012). UvrB-1 and -2 are shown in orange and green, respectively. Figure was
rendered using PyMol (“The PyMOL Molecular Graphics System,” 2015).

an RMSD for a whole protein fit at 4.98 Å (Figure 4.13B) (Hayward & Berendsen, 1998; Pakotiprapha et
al., 2012; “The PyMOL Molecular Graphics System,” 2015).
DynDom analysis did not reveal any dynamic regions when the UvrB-1 and the UvrB from the
previous UvrA2UvrB2 (3UWX) crystal structure were analyzed (Hayward & Berendsen, 1998;
Pakotiprapha et al., 2012; “The PyMOL Molecular Graphics System,” 2015). Both newly reported UvrB
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units were aligned to the UvrB from the UvrAUvrB structure (Pakotiprapha et al., 2012). Both new UvrB
units had an RMSD of 4.045 Å for a whole protein fit using α-carbons by PyMol, while DynDom reported
an RMSD for a whole protein fit at 4.98 Å (Figure 4.13B) (Hayward & Berendsen, 1998; Pakotiprapha et
al., 2012; “The PyMOL Molecular Graphics System,” 2015).
Due to the low-resolution nature of the structure, the ATPase state of the UvrB units could not be
determined. Further, a polar contact could not be identified for R506. Residue R506 was proposed to
indicate different nucleotide or DNA bound states (S.-J. Lee et al., 2019). Domain 3 does take a similar
conformation as the previous UvrAUvrB structure, and alignment showed an RMSD of 4.181 Å (Figure
4.14A) (Pakotiprapha et al., 2012).
Lastly, domain 2 was examined to determine if the UvrA binding domain adopted a similar
conformation and if any new contacts could be determined. Domain 2 of UvrB-1 and UvrB of the crystal
structure UvrAUvrB adopted a similar conformation with an RMSD of 2.856 Å (Figure 4.14B)
(Pakotiprapha et al., 2012; “The PyMOL Molecular Graphics System,” 2015). The two helices within the
domain appear to move slightly. The movement is described as a separation of 4.8 Å between the two
structures, using D178 (“The PyMOL Molecular Graphics System,” 2015). Similar to the previous
structure, interactions between domain 1b and domain 2, the UvrA-binding domain of UvrB, and the
UvrB-binding domain and signature II domain of UvrA are observed (Pakotiprapha et al., 2012).
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Figure 4.14: Examination of UvrB with the previous UvrAUvrB structure. In all planes, UvrB is
colored as in Figure 4.13B. Figure was rendered using PyMol (“The PyMOL Molecular Graphics System,”
2015). (A) The two units of UvrB in the newly reported structure are highly similar and show few
differences. As can be seen in the left-hand side of the plane, some helices are rotated, but overall
movement appears to be low. (B) Again, high similarity is noted. Some rotations are small movements are
noted, but little can be understood by these movements with the current information. (C) An overall
representation of UvrB is rendered. Large movements are noted throughout the molecule, with only small
rotations or small movements being noted here. To describe the movement, D178 was chosen. The
newly described UvrB units and UvrB from the previous UvrAUvrB structure are separated by 4.8 Å
(Pakotiprapha et al., 2012).
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4.5.

Discussion

4.5.1.

Overview of the new UvrA2UvrB2 complex

4.5.1.1. Comparing T. maritima and G. stearothermophilus complex formation
There are discrepancies between the formation of G. stearothermophilus and T. maritima NER
protein complexes. One explanation is that G. stearothermophilus UvrA could be less likely to release
nucleotide after removal from solution (Figures 4.4 and 4.8B). Secondly, tighter binding for G.
stearothermophilus UvrB rather than T. maritima UvrB is possible. T. maritima UvrB could be more
sensitive to ATP binding within UvrA, as compared to G. stearothermophilus UvrA. In other words, G.
stearothermophilus UvrB could remain bound to UvrA after ATP removal, but T. maritima UvrB would
dissociate. It should be noted that T. maritima UvrA and UvrB protein purifications includes steps to
remove nucleotide. However, as part of the binding protocol, ATP is included.

4.5.1.2. The cellular role of the UvrA2UvrB2 complex
Our mass spectrometric and electron microscopy studies demonstrate that both the UvrA2UvrB1
and UvrA2UvrB2 exist in solution for proteins from both studied species (Figure 4.4). Oddly, UvrB is never
associated with DNA or with UvrA and DNA, with one exception. The exception indicates a small amount
of T. maritima UvrA2UvrB1-DNA complex (Figure 4.8B).
A known issue with mass spectrometric studies is that ATP needs to be removed from the
solution or else different species can be difficult to tease out. However, ATP must be bound to UvrA in
order to associate with UvrB (Orren & Sancar, 1990; Pakotiprapha et al., 2009; Stracy et al., 2016;
Thiagalingam & Grossman, 1991). It is possible that with ATP in the experimental buffer, more complex
could be visible. It is intriguing that UvrA2 binds nearly 100% to DNA in solution, but once UvrB is
included, very little protein is ever associated with DNA. Oddly, addition of nucleotide did not indicate an
increase in UvrB bound to UvrA and UvrB complex was never bound to DNA. Finally, mixing pre-formed
UvrA2UvrB2 complex and DNA resulted in various complexes, but none associated with DNA. We expect
that UvrB is bound to DNA but releases the DNA as a result of experimental conditions, such as the
removal of ATP or the force from the spray during mass spectrometric analysis. The force from mass
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spectrometric studies is significant and should not be overlooked in the formation of the UvrA 2UvrBX
complexes.
A second possibility is that UvrB is loaded but does not recognize the damage chosen in this
study. After UvrB uses its short helicase abilities, in an attempt to locate the damage, and never locates
the damage, UvrB would fall off the DNA. However, it remains odd that a UvrA2UvrB2-DNA complex is not
detected via mass spectral analysis. The force from the experiment can certainly play a role in this case.
Certainly, UvrA2 is capable of detecting a mismatch DNA, based off our data, but may not be a substrate
for UvrB. Indeed, UvrA2 preferential binding to mismatch DNA was confirmed using microscale
thermophoresis and was seen in all mass spectral analysis. Therefore, these results would indicate a
mechanism where UvrB is loaded after UvrA2 has detected the damage. Our results support in vivo
studies showed that UvrB is rarely complexed with UvrA2 (Stracy et al., 2016). Also, the finding that UvrA2
is no longer complexed with DNA after UvrB addition strongly supports this model. Specifically, the lack of
UvrB associated with UvrA2 in the presence and absence of DNA suggests that UvrB may not be
participating in the search mechanism. However, it should be noted that the lack of nucleotide and the
force present in mass spectrometric experiments hamper a strong conclusion on the role of UvrB and the
damage search process.
Neither result seems extremely likely as UvrB is strongly bound to the DNA by inserting a helix
between the two DNA strands with a single strand being threaded underneath a β-hairpin (Jia et al., 2009;
Geri F. Moolenaar et al., 2001; Skorvaga et al., 2004; E. E. Verhoeven et al., 2001; Waters et al., 2006;
Yue Zou et al., 2004). Previous data indicated dwell rates of 12 seconds and 15.6 seconds for UvrA 2 and
UvrB on DNA, respectively (Stracy et al., 2016). Our data supports the findings that UvrB hardly ever
complexes with UvrA in vivo (Stracy et al., 2016).These data suggest that, in our sample, DNA should be
bound to either UvrA2 or a UvrB. A very strong UvrA2-DNA complex is indicated, whereas the UvrB-DNA
complex is rather weak.
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4.5.2.

Comparing the newly presented UvrA2UvrB2 and the UvrAUvrB published structure

4.5.2.1. Overview
Our data indicates that the domains of UvrA and UvrB are well placed within the electron
microscopy volume (Figures 4.10, 4.12A, 4.13A, and tables 4.2-4.3). UvrB-2 placement was problematic
as only half the monomer could fit in the given volume. Placement is exemplified by the correlation
coefficients of 0.80 and 0.50 for UvrB-1 and UvrB-2, respectively (Figures 4.10A and 4.10B). Mass
spectrometric results indicated a mixture of UvrA2UvrB2 and UvrA2UvrB1 complexes within the prepared
solution (Figure 4.4). Given the low levels of UvrA2UvrB2 and UvrA2UvrB1 populations, it is unfeasible to
separate out these two populations without the collection of an impractical number of data collections.
Therefore, we suggest that the low volume level for UvrB-2 is a direct result of the averaging together of
UvrA2UvrB1 and UvrA2UvrB2 particles. Additionally, the newly determined UvrA2UvrB2 structure has
remarkable resemblance to the previously determined crystal structure (Pakotiprapha et al., 2012). The
largest difference is noticed in the insertion domain, which has collapsed into the DNA binding area. The
previous structure, a crystal structure, featured a UvrAUvrB unit as its smallest repeating unit. The
tetrameric species can be inferred from that structure. It is highly significant that our solution-based
volume fits the previous structure very well, except for the insertion domains. These results strongly
indicate that the previous model, while simultaneously hinting at a previously unknown function for the
insertion domain.

4.5.2.2. The insertion domain collapsed into the DNA binding area
The insertion domain has an unestablished role in UvrA’s activities. However, data indicates
possible roles in stabilizing lesioned DNA on UvrA, making contacts with the DNA backbone (Wagner et
al., 2011). Further, the insertion domain may pull apart the DNA strands after proposed ATP hydrolysis or
DNA binding activities (Wagner et al., 2011). Lastly, the insertion domain could be responsible for
threading the DNA through the DNA binding area of UvrA2 (Wagner et al., 2011). Interestingly, our newly
presented structure demonstrates the insertion domain collapsing into the DNA binding area. The
collapse of the insertion domain blocks any would be placed DNA binding in the DNA binding cavity
(Figures 4.11, 4.12A, 4.12B, 4.15). All previous structures have been solved by X-ray crystallography,

149

and do not demonstrate the collapsed conformation of the insertion domain that is revealed here (Jaciuk
et al., 2011; Pakotiprapha et al., 2008, 2012; Rossi et al., 2011; Timmins et al., 2009).

Figure 4.15: A proposed movement of the insertion domain. Colors are as in Figure 1.11, except the
DNA is shown here in pink spheres. A large amount of steric hinderance is noted between the proposed
placement of DNA based off previous crystal structures, and the insertion domain of the newly described
structure. Figure rendered using: (“The PyMOL Molecular Graphics System,” 2015).

These data strongly indicate that within the UvrAUvrB complex, there is an established role for
the insertion domain for initial DNA binding. It would be difficult to determine clamping residues with
mutational studies, as mutations may interfere with the act of pulling in the DNA. The previously
determined crystal structures shows the insertion domains outside the DNA binding area (Jaciuk et al.,
2011; Pakotiprapha et al., 2008, 2012; Rossi et al., 2011; Timmins et al., 2009). The alternate location of
the insertion domain within previous crystal structures is likely due to crystal contacts forcing the insertion
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domain out, providing a lower energy structure. The new apo-DNA UvrA2 structure presented in chapter
III did not feature a total collapse off the insertion domain found in the newly determined UvrA2UvrB2
complex.

4.5.2.3. Examination of the signature II domain
A rotation in the signature II domain, in connection with the proximal ATPase site, disrupts or
mediates interactions between UvrA2 and DNA (Pakotiprapha et al., 2012). A DNA binding residue, K718,
from each UvrA monomer was previously used to describe the movement in the signature II domain
(Pakotiprapha et al., 2012). The open tray structure, features a rotated out conformation for signature II,
where the domain would interfere with UvrB binding (Pakotiprapha et al., 2008, 2012). In the open tray
structure, K718 is separated by ~94 Å (Figure 4.12C). However, the closed tray structure has a
conformation accommodating to UvrB binding (Pakotiprapha et al., 2012). In the closed tray structure,
K718 is separated by 115 Å (Pakotiprapha et al., 2012). Interestingly, our new structure demonstrates the
signature II domains rotating closer together, becoming more similar to the open tray structure
(Pakotiprapha et al., 2012). The newly reported structure has a separation of ~104 Å (Figure 4.12C). Our
data indicates a signature II domain rotation near an average of the UvrB bound and unbound structures.
Therefore, we suggest that the previous rotation description was a result of crystal contacts and not UvrB
binding.
The ramifications of this new conformation are uncertain. Given this new data, our analysis
indicates that the open tray structure can accommodate UvrB binding and is unlikely to prevent UvrB
binding or cause UvrB dissociation. Also, the signature II domain has a conformation in-between the open
and closed tray structures, resembling an average of the two. These findings suggest that the different
signature II domain distances are not a factor of UvrB binding. The differences could still be attributed to
crystal contacts.

4.5.2.4. A novel insertion domain and signature II domain interaction
In the newly presented cryo-electron microscopy structure, the insertion domains in both UvrA
units are making significant contact with the signature II domain (Figure 4.11B). In both instances, the
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insertion domain makes contact using a helix-loop-helix motif. At current resolution, our analysis is
constrained. Specifically, the proper residue placement within the domains is difficult. However, the
location of the insertion domain, near the signature II domain, is beyond dispute.
The interaction between the insertion domain and the signature II domain may be puzzling at first
glance. However, a possible explanation of the insertion domains interaction with the signature II domain
is to properly position DNA binding residues within the signature II domain. The interaction may be
priming the signature II and insertion domains for DNA binding and to allow DNA to enter the DNAbinding cavity. Additionally, UvrA2 may use the presence of the insertion domain as a type of sensor to
determine whether DNA is present.

4.5.2.5. The symmetry of the damage sensing complex
Our data is a first glance at a true solution based UvrA2UvrB2 structure. The damage sensor is
symmetrical, with few to no variations between each UvrAUvrB unit. The structure is likely to remain
symmetric until it is associated with damaged DNA. The symmetry of UvrA results in an intriguing problem
for understanding the NER damage sensor. Previous many UvrA structures have a single UvrA monomer
in its unit cell, even when DNA was included and also in the case of the UvrA2UvrB2 complex
(Pakotiprapha et al., 2008, 2012; Stracy et al., 2016). Deinococcus radiodurans and Mycobacterium
tuberculosis UvrA structures, where there was 5 and 3 UvrA monomers in each unit cell, respectively,
were also highly symmetric (Rossi et al., 2011; Timmins et al., 2009). Our structure indicates that the
symmetry remains in solution and reflect that the symmetry is not a function of crystallization, but a
natural characteristic of UvrA. At this point, the data indicate that the symmetry is a key in sensing the
DNA and is necessary as part of its role in sensing damaged DNA.

4.5.3.

New mechanisms

4.5.3.1. DNA loading requires a large rotation in the insertion domain
Within the 120 amino acid long insertion domain, 14 residues are aromatic, 14 are positively
charged, and 22 are negatively charged, making possible a large sleuth of interactions. Our data
suggests that the initial contact that DNA has with UvrA is via the insertion domain, with the UvrA2UvrB2
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complex blocking the DNA binding area (Figure 4.16). The idea that the insertion domain is acting as a
clamp is well supported by previous experiments (Wagner et al., 2011). Therefore, we propose that the
insertion domain makes first contacts within the DNA (Figure 4.16). The insertion domain then walks
around the DNA, clamping the DNA into the UvrA DNA binding pocket. Our proposal indicates a role for
the caving-in of the insertion domain.

Figure 4.16: UvrA-DNA binding mechanism. A scheme is proposed here for initial DNA binding. Figure
was crafted with BioRender.org. (A) The UvrA2UvrB2 complex is in solution with the insertion domains
caved into the DNA binding pocket. (B) The DNA encounters the complex. The DNA backbone first
interacts with the insertion domains. The insertion domains open and walk the DNA into the binding
pocket. The insertion domains clamp the DNA into the binding pocket.

4.5.3.2. Damage searching mechanisms
Two DNA search mechanisms are supported by our data. Our first proposal indicates that UvrA
first finds the damaged area (Figure 4.17). Once UvrA encounters the damaged area, the insertion
domains are activated and separates the DNA. DNA separation then allows DNA to be wrapped by one of
the UvrB molecules, as previous results have indicated, and the β-hairpin is inserted between the DNA
strands (Geri F. Moolenaar et al., 2005; Truglio, Karakas, et al., 2006). DNA wrapping around and DNA
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strand separation allows UvrB to begin using its 5’ to 3’ helicase activities (Truglio, Karakas, et al., 2006).
The activation of the UvrB helicase activities conforms the DNA search from a 3-dimensional search to a
1-dimensional search. This alteration of activities could explain previous results that indicated UvrB
addition to the UvrA2 conforms the DNA search mechanism from a 3-dimensional to a 1-dimensional
search (Richard E. Dickerson & Chiu, 1997; Kad et al., 2010; Stracy et al., 2016; Bennett Van Houten &
Kad, 2014). However, some 3-dimensional searching would be expected. In the event that damage is
encountered in the absence of UvrB, UvrA would separate the DNA strands and await the binding of a
UvrB molecule. After initial damage detection, the main role of UvrA is to separate the DNA strands until
the damage is verified by UvrB. Finally, the proposed mechanism allows for a helix distortion-based role
as has been previously indicated. Our mass spectroscopy data support this mechanism in the case of 3
base-pair mismatches not being a viable UvrB substrate. If the chosen DNA is not a viable substrate,
UvrB would continue scanning the DNA as a result of not finding any damages. At that point, UvrB would
release the DNA.
A second mechanism for the UvrA2UvrB2 complex indicates only a 1-dimensional search
mechanism. As before, this mechanism begins with the DNA clamped by the insertion domains (Figure
4.18). However, here the presence of UvrB is sensed by the collapse of the insertion domains, resulting in
the separation of the DNA strands. This mechanism allows for UvrA to use its DNA helix sensing abilities
when UvrB is not present. However, UvrA2 would not be able to use its DNA helix abilities when in
complex with UvrB according to this mechanism. Here, UvrB alters the search mechanism to a selfish
search mechanism. Here, UvrB would take over the task of searching for damaged DNA, while still using
its helicase activities (Geri F. Moolenaar et al., 2005; Truglio, Karakas, et al., 2006). After UvrB begins its
own search mechanism, UvrA primary role is reduced to separating the DNA strands. Once UvrB finds
the damaged area, UvrB would remain while UvrA2UvrB would leave the DNA.
Our proposed mechanism explains why a 1-dimensional search mechanism was found when
UvrB was complexed with UvrA2 (Richard E. Dickerson & Chiu, 1997; Kad et al., 2010; Stracy et al.,
2016; Bennett Van Houten & Kad, 2014). Additionally, our proposal allows for UvrA to retain its 3dimensional search mechanism when alone (Richard E. Dickerson & Chiu, 1997; Kad et al., 2010; Stracy
et al., 2016; Bennett Van Houten & Kad, 2014). The presented mass spectrometric data also support this

154

mechanism if the damage is not a substrate for UvrB. Additionally, the second proposed mechanism is
further specified by a recent low-resolution structure suggesting the UvrA2UvrB2 complex is stalled with
UvrB at the damaged area (Jaciuk et al., 2020).

4.5.4.

Future studies
Our data indicates that the path to a UvrA2UvrBx-DNA complex will be complex and tedious.

However, with the aid of extensive data collections, mass spectrometric analysis indicates that several
structures could be teased out of the data, including: UvrA2, UvrA2-DNA, UvrB, UvrB2, UvrA2UvrB1, and
UvrA2UvrB2. In order to obtain a DNA bound structure, several mutational studies would need to be
attempted.
To gain further understanding, an ATP titration should be performed. An ATP titration will give
insights into whether the mass spectrometric results are indicative of the lack of ATP. A mutation could
then be designed to prevent DNA dissociation after binding. Secondly, a UvrB mutant should be designed
to not release the DNA. The UvrB mutant would indicate if the mass spectrometric results are indicative of
UvrB binding to the damaged area and then dissociation during experimental analysis.
Interestingly, on examination of electron microscopy data, a UvrA2UvrBx complex bound to DNA
does not appear to be present and a UvrB-DNA complex is not visible in current data. Our data indicates
we have an incomplete picture of the molecular mechanism. The incomplete picture is suggested
because several known complexes are missing from mass spectral analysis: UvrA 2UvrBX-DNA and UvrBDNA. However, a previously developed method may be more useful in understanding the pre-UvrB
loaded complex. Antibodies have previously been developed to prevent UvrB loading and could be
extremely beneficial as they are able to capture the intermediary complexes (B. X. Chen et al., 1992).
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Figure 4.17: A UvrA2UvrBx DNA search mechanism. Figure was created with BioRender.org. (A) The
starting point here is the DNA being clamped around the damaged area. (B) UvrA2 senses the damaged
area through random sampling. (C) After damage is sensed by UvrA2, aided by the insertion domains, the
DNA strands are separated. (D) After the DNA strands are separated, the helicase activities of one UvrB
molecule is activated. The activation of the helicase activities initiates a 1-dimensional search
mechanism. (E) UvrB verifies the damaged area. (F) UvrB stalling at the damaged area signal UvrA2UvrB
to leave the complex.
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Figure 4.18: A DNA strand separating UvrA2UvrBx search mechanism. Figure was crafted with
BioRender.org. (A) The DNA search mechanism begins with the DNA clamped by the UvrA2 insertion
domains. (B) The insertion domains immediately separate the DNA strands. (C) A UvrB unit is then
wrapped by DNA, which allows it to activate its helicase activities. (D) With the helicase activated, the
complex beings a 1-dimensional search mechanism. (E) The search mechanism begins when UvrB stalls
at the damaged area. (F) Once the UvrB stalls at the damaged area, UvrA2UvrB would leave the
complex.
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5.1.

Abstract
Several mechanisms of deoxyribonucleic acid (DNA) damage sensing within the UvrA dimer have

been proposed. UvrA binds to DNA non-specifically, featuring, primarily, backbone interactions (Jaciuk et
al., 2011). Several residues have been previously described, where the most important contacts are
made by glycine (G) 670, threonine (T) 679, tyrosine (Y) 680, arginine (R) 688, lysine (K) 704, serine (S)
705, S708, and asparagine (N) 710 (Jaciuk et al., 2011).
The current model suggests an opening and closing mechanism for UvrA. Others have suggested
a base-flipping mechanism in line with other damage detection mechanism utilized by cells. However,
evidence has contradicted all proposed mechanism, and, therefore, further evidence is needed to fully
understand how UvrA2 recognizes damaged DNA. One key piece of missing evidence is a solution based
UvrA dimer bound to damaged DNA.
Here we present the first solution based UvrA structure bound to a DNA duplex featuring a
centralized 3 base pair gap. The structure indicates a loop under the damaged area that is a key function
in detecting the damaged area through direct interactions with DNA bases flipped towards UvrA and away
from the DNA duplex. Additionally, the loop is coordinated by the β-hairpin of the third zinc binding
module. Overall, the novel DNA bound dimeric UvrA structure, featuring a non-symmetrical UvrA dimer,
represents the post-DNA damage recognition conformation. Additionally, the structure affords several
clues into how UvrA recognizes different such a large range of damages and the overall mechanism for
the DNA search.
Finally, our results generate several clues into different UvrB loading scheme. Specifically, the
UvrB binding domains are rotated in a way that suggests one domain could be preferential for UvrB
binding over the second UvrB binding domain. One UvrB binding domain is rotated in a way that UvrB is
placed near the DNA path and that would push UvrB up against the second UvrA monomer. The second
UvrB binding domain is rotated high above the UvrA-DNA complex. The rotation above the complex
results in a lack of contact with the signature II domain by UvrB. A mechanism for DNA melting, a
necessary step in UvrB loading, could not be determined.
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5.2.

Introduction
A detailed mechanism of how UvrA2 discriminates damaged verses undamaged DNA is still

sought. Previous analysis has suggested that UvrA uses an “open-tray”, “closed-tray” conformational
change to discriminate the damage (Pakotiprapha et al., 2012). Structures in the proposed “open-tray”
and “closed-tray” structures have been determined. The proposal indicated that DNA initially binds to the
“open-tray” UvrA2. UvrA2 then undergoes a conformational change. If the DNA is undamaged, the
“closed-tray” structure forms. If damage DNA is encountered, UvrA2 would be unable to form the “closedtray” structure, triggering UvrB loading.
A structure of UvrA2 with modified DNA containing a fluorescein adduct further conflated the DNA
probing mechanism (Jaciuk et al., 2011). The crystal structure features one UvrA molecule and one
palindromic DNA strand containing a central dT-fluorescein adduct in the unit cell (Jaciuk et al., 2011).
The unit cell limits analysis of UvrA-DNA complex, despite providing significant information into the UvrAdamage sensing mechanism. Although the structure did not confirm the “open-tray”/ “closed-tray”
mechanism of action, it did not provide evidence contradicting that mechanism. The most prominent
proposed mechanism for damage searching by UvrA2 is a DNA helix sensing mechanism. As part of this
mechanism, UvrA residues would probe the helix and detect damaged DNA by sensing distorted DNA
helices. As part of the DNA helix sensing mechanism, both UvrB molecules would need to be loaded if
UvrA does not detect which strand is damaged (Jaciuk et al., 2011; Pakotiprapha et al., 2012).
Despite the significant structural investigations into UvrA, several key questions remain. The
questions include whether UvrA2 detects which strand is damaged, how UvrA2 detects issues in the DNA
helix, and how UvrA2 probes the damaged DNA. Although a structure of UvrA with DNA has been
published, the structure is limited by the unit cell. Therefore, further structural evidence is needed to
determine how UvrA2 probes the DNA. Especially needed is a structure featuring a DNA duplex with one
damaged strand and one undamaged strand. The structure with the new duplex would yield invaluable
mechanistic information into how UvrA2 probes the different damages and loads UvrB.
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5.3.

Materials and methods

5.3.1.

T. maritima UvrA growth
Plasmids containing Thermotoga (T.) maritima UvrA with an N-terminal histidine-tag in pET-11a

were transformed into homemade Rosetta (DE3) pLysS cells. Transformations were plated onto agar
plates containing Luria Broth (LB) and supplemented with chloramphenicol (34 micrograms [µg]/mL) and
ampicillin (100 µg/mL) and incubated overnight at 37 °Celsius (C). Colonies were floated into 1 L of LB,
supplemented with the same antibiotic concentrations and incubated overnight at 37 °C and 180 rotations
per minute (RPM). Overnight cultures were added to 9 L of super broth (homemade) in a fermenter at 37
°C, 450 RPM, and with a flow rate of 0.5 liters per minute of supplied oxygen. Cultures were grown until
an optical density at 600nm (OD600) of approximately 3.00 and induced with 1 mM Isopropyl β-D-1thiogalactopyranoside (IPTG). Growths were induced overnight at 16 °C and harvested at 3,600 RPM.
Pellets were resuspended at 6 grams (g)/mL using harvesting buffer (40 mM sodium phosphate pH 7.0,
5% glycerol, 1.4 mM β-mercaptoethanol [βME], and 500 mM sodium chloride) and frozen at -80 °C.

5.3.2.

T. maritima UvrA purification
Cells were defrosted on ice and phenylmethylsulfonyl fluoride (PMSF) was added to 1 mM. UvrA

was heat shocked at 55 °C for 30 minutes and placed on ice for 10 minutes. UvrA was ultra-centrifuged
for 1 hour at 26,000 RPM at 4 °C. Protein was decanted, sodium chloride was increased to 1 molar (M),
10% polyethylenimine (PEI) was added dropwise to 0.5%, and the sample was mixed at roomtemperature for 30 minutes. Mixture was centrifuged for 30 minutes at 4 °C and 16,000 RPM. Protein was
decanted and saturated ammonium sulfate was added to 65% and mixed at room temperature for 5
minutes. Protein was centrifuged as before, and the pellets were resuspended in resuspension buffer
supplemented with 10 mM imidazole and 0.5 M sodium chloride.
Proteins were mixed with nickel beads for 45 minutes and added to a gravity-flow column. UvrA
was washed with solutions containing the resuspension buffer at 10, 20, and 40 mM imidazole. Proteins
were eluted resuspension buffer supplemented with 250 mM imidazole. UvrA was diluted until the sodium
chloride concentration was 100 mM using buffer A (25 mM tris(hydroxymethyl)aminomethanehydrochloric acid [TRIS-HCl] pH 7.5 and 5 mM βME). UvrA was loaded onto a pre-equilibrated 10 mL
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heparin column. UvrA was eluted by running a program with buffer A with 2 column volumes (CVs) at 100
mM sodium chloride, an 8 CV gradient to 1.6 M sodium chloride, and 2 CVs at 1.6 M sodium chloride.
Protein was pooled and concentrated using EMD Millipore Amicon Ultra-14 concentrators with a 30
kilodalton (kDa) molecular weight cutoff. UvrA was loaded onto a 320 mL SuperDex 200 column preequilibrated with size-exclusion buffer (20 mM HEPES pH 7.0, 5% glycerol, 1 mM dithiothreitol (DTT), and
400 mM sodium chloride). Proteins were eluted by running the column for 1 CV. UvrA was pooled after
their respective runs and concentrated using the previously described concentrators until approximately
60.0 micromolar (µM). Proteins were flash frozen in liquid nitrogen and stored at -80 °C.

5.3.3.

DNA oligonucleotides
All DNAs used were 32-base-pairs long (Figure 5.1). DNAs were either undamaged, had a

centralized fluorescein as a large bulky damage, a 1 and 3 base pair mismatch, or a 3 base pair gap
where proper Watson-Crick base-pairing was not possible. DNAs were ordered from Integrated DNA
Technologies (IDT) with standard desalting, except the DNA strand containing fluorescein, which was
high pressure liquid chromatography (HPLC) purified. Duplexing was completed by mixing DNA strands
at a 1:1 ratio, heated to 95 °C in a heating block for 10 minutes, and then the heating block was turned off
and the sample was allowed to cool to room-temperature.

5.3.4.

T. maritima UvrA-DNA complex preparation
Protein-DNA complexes for cryo-electron microscopy structural studies were prepared as follows.

Protein was defrosted on ice. Protein and DNA were mixed in complexing buffer (20 mM HEPES pH 7.0,
0.5 M sodium chloride, 10 mM magnesium chloride, 1 mM DTT, 0.05 mM ethylenediaminetetraacetic acid
[EDTA], and 1 mM adenosine triphosphate [ATP]) in a 10 µL reaction volume. The final UvrA dimer and
DNA concentrations were 2.5 µM and 3 µM respectively. The mixture was incubated at 55 °C for 15
minutes then on ice for 15 minutes. The reaction volume was then doubled with complexing buffer,
providing fresh ATP to the mixture. The final UvrA dimer and DNA concentrations were 1.25 and 1.5 µM
respectively. The final mixture was used immediately for grid preparation.
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Figure 5.1: DNA duplexes used. DNA duplexes examined included a 3 base pair gap, a 3 base pair
mismatch, and a fluorescein lesioned DNA duplex. Additionally, an undamaged duplex was examined. All
duplexes were 32 base pairs in length.

5.3.5.

Grid preparation
Grids were plasma cleaned at 70% power, with a gas flow of 30% (75/25 parts argon/oxygen) for

60 seconds, using a NanoClean model 1070 (Fischione Instruments). Freshly pre-prepared complex was
diluted using complexing buffer for a final concentration of 1.25 µM UvrA dimer. The solution was pipetted
onto a freshly prepared grid (Section 5.3.4). The sample was allowed to absorb for 30 seconds at 100%
humidity and 4 °C, blotted for 3 seconds at a blot force of 4. Sample was plunge frozen in liquid-nitrogen
cooled liquid-ethane. Grid preparation was performed using a Vitrobot Mark IV (FEI, Hillsboro, Oregon).
Grids were stored in liquid nitrogen until data acquisition.
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5.3.6.

Single-particle cryo-EM image acquisition
Loading and image acquisition was completed by the Simons Electron Microscopy Center at the

New York Structural Biology Center. Grids were loaded into a Titan Krios (FEI, Hillsboro, Oregon), fitted
with a Gatan K2 Summit (Gatan, Pleasanton, California) direct electron detector with an acceleration
voltage of 300 kV. Single particle images were recorded at a pixel size of 0.832 angstroms (Å). Images
were recorded with a spherical aberration of 0.01 millimeter and an amplitude contrast of 0.07. A defocus
range of -1.0 to -2.0 micrometers with a dose rate of 70.43 electrons/Å2. A single 48-hour session
produced 4,277 images. Automatic hole targeting using LEGINON software suite was used (Suloway et
al., 2005).

5.3.7.

Cryo-EM image analysis
The micrograph frames were aligned using whole-frame motion correction using MotionCorr in

Appion (Lander et al., 2009; X. Li et al., 2013). Contrast transfer functions were estimated via CTFFind4
and gCTF (Rohou & Grigorieff, 2015; Zhang, 2016). All processing was completed using cryoSPARC
(Punjani, Brubaker, et al., 2017; Punjani, Rubinstein, et al., 2017). Using an ≈10 Å volume of UvrA bound
to fluorescein-damaged DNA, templates were made for autopicking ((Punjani, Brubaker, et al., 2017;
Punjani, Rubinstein, et al., 2017), (data unpublished)). Autopicking resulted in 741,813 particles picked.
From a 2-dimensional classification, 18 out of 50 classes were picked, leaving 385,431 particles for
analysis. From a second round of 2-dimensional classification, 37 out of 50 classes were selected,
resulting in 339,229 particles. The particles underwent a 10 class Ab-initio reconstruction. Particles from
classes 0, 4, and 9 underwent a final round of 2-dimensional classification. From the 2-dimensional
classification 32 out of 50 classes were picked, leaving 155,353 particles for further scrutiny. The particles
underwent a final round of Ab-initio reconstruction with 5 classes. Class 1 was selected and through
several rounds of refinement, a final map estimated at 3.54 Å was produced.
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5.3.8.

Model building and analysis
Map was flipped using UCSF Chimera (Version 1.13.1), after it was determined that UvrA

monomers could not be placed properly within the volume (Pettersen et al., 2004). Several protein data
bank (PDB) files were prepared for MolRep. There are two T. maritima structures available: T. maritima
Δ117-399 (PDB: 6N9L) and T. maritima in complex with modified DNA (PDB: 3PIH) (Case et al., 2019;
Jaciuk et al., 2011). Since T. maritima Δ117-399 is the highest resolution structure to date, domains that
were present in that structure in full were used. Therefore, from the T. maritima Δ117-399 structure, PDBs
of the following domains were used: ATP binding I, ATP binding II, and signature II. From the structure of
T. maritima in complex with modified DNA, a PDB of the signature I domain was prepared. These domain
PDBs were placed in the cryo-electron microscopy volume using the CCP4i suite program MolRep
(Pettersen et al., 2004; A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov, 1997; A Vagin & Teplyakov,
2000; Alexei Vagin & Teplyakov, 2010).
Neither T. maritima structure had the insertion domain or the UvrB binding domain resolved in
full. Therefore, a homology domain search was conducted using SWISS-MODEL (Benkert, Biasini, &
Schwede, 2011; Bertoni, Kiefer, Biasini, Bordoli, & Schwede, 2017; Bienert et al., 2017; Guex, Peitsch, &
Schwede, 2009; Waterhouse et al., 2018). After each homology domain search, the result that provided
the most sequence coverage in T. maritima was used. After placement of the signature I, signature II,
ATP binding I, and ATP binding domain II, the DNA was built using crystallographic object-oriented toolkit
(COOT) (Emsley, Lohkamp, Scott, & Cowtan, 2010). MolRep could only place one UvrB binding and one
insertion domain correctly. The second UvrB binding domain was placed by hand using Chimera
(Pettersen et al., 2004). Gaps in the structure was filled using COOT (Emsley et al., 2010). Refinement
was conducted using Phenix real-space refinement rigid body refinement, stimulated annealing, and
morphing, using reference model restraints (Afonine et al., 2018). Rigid body refinement was conducted
using the domains. Also, refinement was conducted using base pair restrains with planarity and parallelity
restrained and H-bond and H-bond angles restrained. Refinement was considered complete after model
restrains and correlation coefficients no longer increased. The map was sharpened using the map
sharpening function in Phenix (Terwilliger, Sobolev, Afonine, & Adams, 2018). Ramachandran plots and
quality of the results was completed by ProCheck (Lovell et al., 2003).
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5.3.9.

Building the new model of UvrA bound to 3 base pair gapped DNA

5.3.9.1. UvrB binding domain homology model
A complete model of the UvrB binding domain has not been previously published for T. maritima;
thus, a homology model was created (Case et al., 2019; Jaciuk et al., 2011). A search was conducted
using the sequence of the UvrB binding domain in for T. maritima (residues: 117:258). Two results were
examined, from the previous UvrAUvrB structure (PDB: 3UWX), and from a structure of the UvrB binding
domain and the UvrA interaction domain from UvrB (PDB: 3FPN) (Pakotiprapha et al., 2009, 2012). The
UvrB binding domain from the UvrAUvrB structure was chosen as a homology model due to its much
larger sequence coverage (Figure 5.2) (Benkert et al., 2011; Bienert et al., 2017; Guex et al., 2009;
Pakotiprapha et al., 2012; Waterhouse et al., 2018).

Figure 5.2: Homology model of the UvrB binding domain. A homology model was build based off
PDB: 3UWX (Pakotiprapha et al., 2012). Source: (Bienert et al., 2017; Guex et al., 2009; Waterhouse et
al., 2018).

166

5.3.9.2. Insertion domain homology model
A complete structure of the insertion domain has not been previously published for T. maritima;
thus, a homology model was created (Case et al., 2019; Jaciuk et al., 2011). A search was conducted
using the insertion domain for T. maritima (residues: 289:378) (Benkert et al., 2011; Bertoni et al., 2017;
Bienert et al., 2017; Guex et al., 2009; Waterhouse et al., 2018). Over 450 templates were returned in the
search. The insertion domain from a structure of UvrA from Deinococcus radiodurans was chosen (PDB:
2VF7) as it had the most sequence coverage (Figure 5.3) (Timmins et al., 2009). Other structures had
significant gaps in the sequence. The resulting model featured a global model quality estimation (GMQE)
score of 0.63 and a quantitative model energy analysis score (QMEAN) of –2.79 (Figure 5.3).

Figure 5.3: Homology model of the insertion domain. A homology model of the insertion domain was
created using PDB 2VF7 as a template (Timmins et al., 2009). Source: (Bienert et al., 2017; Guex et al.,
2009; Waterhouse et al., 2018).

5.3.9.3. Building the new structure
A series of steps were taken to construct the new molecule. The primary tool used was MolRep
(A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov, 1997; A Vagin & Teplyakov, 2000; Alexei Vagin &
Teplyakov, 2010). The steps are summarized below (Table 5.1). First the signature II domain was placed
using MolRep (A. A. Vagin & Isupov, 2001; A. Vagin & Teplyakov, 1997; A Vagin & Teplyakov, 2000;
Alexei Vagin & Teplyakov, 2010). Both signature II domains were well placed based off previous UvrA
structures and had MolRep scores indicative of proper placement. Second, the signature I domains were
placed. Based off previous UvrA structures, the second signature I domain was placed incorrectly and
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had a low correlation coefficient indicating incorrect placement. Therefore, the second signature I
molecule was removed.
Next, the ATPase I binding domains were placed. However, one domain was placed incorrectly
and was removed, despite having reasonable correlation coefficients. A large correlation coefficient was
due to the similarity between ATPase binding domains and the placement of the domain within the
ATPase II binding domain region. The ATPase II binding domain was placed next and was well placed
based off visual analysis and the resulting correlation coefficients. The final ATPase I binding domain was
then placed. The placement of the final ATPase I binding domain was a good placement based off visual
analysis and correlation coefficients. Before DNA was built, a single UvrB binding domain was placed
followed by an insertion domain. The domains were placed with low correlation coefficient. However,
visual analysis indicated they were well placed within the volume and were placed correctly when
compared to previous UvrA structures. Finally, the DNA was built using COOT (Emsley et al., 2010).
MolRep was attempted using B-DNA, A-DNA, and C-DNA duplexes and duplex fragments generated
from 3DNA (S. Li, Olson, & Lu, 2019). However, an acceptable molecule could not be generated using
MolRep.
For the final UvrB binding and insertion domains, there was not a significant amount of volume
available. Therefore, the molecule as a whole was refined significantly before adding the final UvrB
binding and insertion domains by hand in Chimera (Pettersen et al., 2004). After adding the final UvrB
binding and insertion domains, the linkers to the rest of the UvrA molecule were corrected using COOT
(Emsley et al., 2010). Additionally, a section of the signature I domain (residue 60-69) have been ill
resolved in T. maritima previous structures (Case et al., 2019; Jaciuk et al., 2011). The loop these
residues made was ordered within the gapped area of the DNA. The loop on the continuous strand area
of the DNA was more well-ordered. The loop coordinating was filled using COOT (Emsley et al., 2010).
There was not enough density along the gapped strand to build the second UvrA loop.

5.3.10. Map quality and refinement
Through CryoSPARC refinement, a 3.56 Å resolution map was produced (Punjani, Rubinstein, et
al., 2017). The map lacked volume where the insertion and UvrB binding domains were (Figure 5.4).
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Table 5.1: Order of events in creating a UvrA-DNA model. Different domains were used in the creation
of the new UvrA model. These models included the domains from the high resolution PDB 6N9L and the
DNA bound structure PDB 3PIH (Case et al., 2019; Jaciuk et al., 2011). Also, homology models of the
UvrB binding domain and the insertion domain were used. Sig. indicates signature domains, ATP
indicates ATP binding domains, UB the UvrB binding domain, and ID the insertion domain. The data
demonstrates domain placement methodology using MolRep as a primary tool.
Step number

Starting

Domains

CC of

CC of

Additional

molecule

placed

molecule 1

molecule 2

action taken

1

None

Sig. II

0.604

0.546

None

2

Sig. II, II

Sig. I

0.618

0.386

Molecule 2
removed

3

Sig. I, II, II

ATP I

0.542

0.531

Molecule 1
removed

4

Sig. I, II, II,

ATP II

0.575

0.544

None

ATP I

0.516

N/A

None

Sig. I

0.440

N/A

None

UB

0.460

0.284

Molecule 2

ATP I
5

Sig. I, II, II,
ATP I, II, II

6

Sig. I, II, II,
ATP I, I, II, II

7

Sig. I, I, II, II
ATP I, I, II, II

8

Sig. I, I, II, II,

removed
ID

0.370

0.336

ATP I, I, II, II,

Molecule 2
removed

UB
9

Sig. I, I, II, II

N/A

N/A

ATP I, I, II, II,

N/A

DNA hand
build

UB, ID
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10

Sig. I, I, II, II

N/A

N/A

N/A

Significant

ATP I, I, II, II,

refinement to

UB, ID, DNA

ensure proper
placement of
current model

11

Sig. I, I, II, II

N/A

N/A

N/A

ATP I, I, II, II,

UB hand
placed

UB, ID, DNA
12

Sig. I, I, II, II

N/A

N/A

N/A

ATP I, I, II, II,

ID hand
placed

UB, UB, ID,
DNA

5.3.10. Map quality and refinement
Through CryoSPARC refinement, a 3.56 Å resolution map was produced (Punjani, Rubinstein, et
al., 2017). The map lacked volume where the insertion and UvrB binding domains were (Figure 5.4).
Based off a Fourier shell correlation criterion of 0.143, the final resolution is 3.4 Å (Table 5.2). The final
map did not feature any placed nucleotide or zinc molecules. Finally, the correlation coefficients were
above 0.6 for all chains (Figure 5.5). Within the chains, UvrA chain A had a low correlation coefficient
region in the insertion domain. Within chain A, the UvrB binding domain also featured a lower than
average correlation coefficient region (Figure 5.5). Chain B of UvrA was similar. Chain B featured a
correlation coefficient region varying between 0.0 and 0.7 in the UvrB binding domain and between 0.0
and 0.6 in the insertion domain (Figure 5.5). Overall, the correlation coefficients suggested good
placement of the core of the molecule. Since the resolution was much lower for the insertion and UvrB
binding domains, a lower correlation coefficient was expected for these regions.

5.3.11. Native mass spectrometry
Native mass spectrometry of all samples was carried out at variable protein and DNA
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Figure 5.4: Local resolution map of UvrA2 bound to DNA. Local resolution of UvrA2 is variable.
Source: (Pettersen et al., 2004).

concentrations. DNA duplexes used were 32 base-pairs and either undamaged or had a centralized 3
base pair mismatch as indicated above. Proteins were buffer-exchanged before the experiment into MS
buffer (450 mM ammonium acetate pH 7.5, 0.5 mM magnesium acetate, and 0.01% Tween-20), where
variable ATP concentrations were used as indicated, using a Zebra microspin desalting column (Thermo
Scientific) with a 40 kDa molecular weight cut-off. Proteins were typically mixed, except where indicated,
prior to buffer exchange. An aliquot of 2-3 µL of the buffer-exchanged sample was loaded into an inhouse developed fabricated gold-coated quartz capillary, the sample was sprayed into an Exactive Plus
EMR instrument (Thermo Fisher Scientific) using a static nanospray source. Several mass spectrometric
parameters used were 1.0-1.4 kV spray voltage, 100 °C capillary temperature, 10 V in-source
dissociation, 200 S-lens RF level, 8,750 at m/z of 200 resolving power, 0.5-3 x106 AGC targets, 5
microscans, a 200 milliscans maximum injection time, 8 Vs injection flatapole, 4 Vs interflatapole 4 C, 4
Vs bent flatapole, 200 Vs high-energy collision dissociation, 8-9 x 10-10 mbar ultrahigh vacuum pressure,
and 100 total scans. The instrument was mass-calibrated using cesium iodide. The native mass spectra
were visualized using Thermo Xcalibur Qual Browser (version 3.0.63) and deconvoluted manually. All
mass spectrometry data were measured and deconvolted in the laboratory of Brian Chait, Ph.D., at the
Rockefeller University.
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Table 5.2: Real-space refinement results. High correlation coefficients are reported, and resolution of
approximately 3.4 Å. Additionally, bond root mean square deviation (RMSD) is indicated. Source:
(Afonine et al., 2018).
Composition (#)
Chains:
Atoms:
Residues:
Water:
Ligands

4
15,648
1,830
0
0

Lengths (Å) (# > 4σ)
Angles (°) (# > 4σ)

0.026 (12)
1.308 (34)
2.24
10.35

Outliers
Allowed
Favored

0.28
17.83
81.89
0.69
0.0669

Cis proline/general
Twisted proline/general

5.1/0.3
1.3/2.1
8.46

Iso/aniso (#)
Min/max/mean

15,648/0

Hydrogens:
Nucleotide:

0
0

Bonds (RMSD)

MolProbability score
Clash score
Ramachandran plot (%)

Rotamer outliers
Cβ outliers (%)
Peptide plane (%)

CaBLAM outliers (%)
ADP (B-factors)

Protein
Nucleotide
Ligand
Water

26.62/386.36/121.33
--60.52/212.61/119.31
---

Occupancy
Mean
Occ = 1 (%)
0 < occ < 1 (%)
Occ > 1 (%)

1.00
100.00
0.00
0.00

Lengths (Å)
Angles (°)

110.30
90
3.6
Masked
---

Unmasked
---

3.8/---/--3.7
3.1/3.4/3.9

3.6/---/--3.7
3.3/3.6/4.1

Data
Box

Supplied resolution (Å)
Resolution estimates (Å)
d FSC (half map:
0.143)
d 99 (full/half1/half2)
d model
d FSC model
(0/0.143/0.5)
Map min/max/mean

-13.18/26.32/0.0
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116.28
90

140.22
90

Model vs. data
CC (mask)
CC (box)
CC (peaks)
CC (volume)
Mean CC for ligands

0.69
0.72
0.56
0.68
---

Figure 5.5: FSC graph and correlation coefficients of the new UvrA2 bound to DNA structure. (A)
The correlation coefficients are shown graphed by base number. (B) The correlation coefficients of the
chains of the molecule. Chain A and B are the two UvrA monomers, chain C is the broken DNA strand,
and chain D is the continuous DNA strand. (C) Correlation coefficients are graphed by residue. (D)
Fourier shell correlation graph indicates a structure with a resolution up to 3.4 Å.
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5.4.

Results

5.4.1.

DNA binding confirmed using native mass spectrometry
In the case of undamaged DNA, variable DNA binding is noted (Figure 5.6A). Often, two DNA

duplexes are bound to the UvrA dimer. Also, unbound UvrA2 is present. The variable undamaged DNA
binding by UvrA2 is attributed to nonspecific binding to undamaged DNA. The smallest damaged
examined, the 1 base pair mismatch DNA, demonstrated less variable binding (Figure 5.6). Although only
70% of UvrA in solution was bound to the duplex, UvrA2 was no longer bound to two duplexes. The next
largest damages, 3 base pair mismatch and gapped DNAs, presented with 100% apparent UvrA2 binding
to DNA (Figure 5.6).

5.4.2.

DNA analysis
The overall refinement is underscored by the lack of correct base pairing when analyzed by

3DNA (Figure 5.7, Table 5.4) (S. Li et al., 2019). Overall, we expect that 16 out of the 23 base pairs
mapped are correct. Despite only 23 base pairs being mapped, 29 base pairs were expected (S. Li et al.,
2019). Additionally, because proper base pairing could not be detected, the form of DNA could not be
understood computationally (Table 5.5) (S. Li et al., 2019). Finally, two major and two minor groves are
noted within the DNA duplex (data not shown) (El Hassan & Calladine, 1998; S. Li et al., 2019). The DNA
appeared to be severely kinked (S. Li et al., 2019). Finally, the DNA was visualized against the DNA from
the previous DNA bound UvrA2 structure and a predicted B-type DNA with the same sequence as the
DNA used in this study (Jaciuk et al., 2011; S. Li et al., 2019). We find that the DNA here is not bent as
much as that previously found, although not forming a true B-type DNA (Figure 5.8).

5.4.3.

DNA interaction analysis

5.4.3.1. DNA-protein interaction analysis
To further understand the bonding between the different DNA strands and UvrA2, FoldX was
utilized (Delgado, Radusky, Cianferoni, & Serrano, 2019). The command “RepairPDB” was used to repair
any residues with bad torsion angles, Van der Waals’ clashes, or total bond energy. Finally, binding
energies for UvrA chains A and B to DNA were calculated and are detailed here (Table 5.6)
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Figure 5.6: Analysis of UvrA binding to damaged and undamaged DNA by mass spectrometry. (A)
UvrA2 binds variably to undamaged DNA, often to two DNA duplexes. The variable DNA binding is
attributed to UvrA2 binding nonspecifically to undamaged DNA. In red, the number of nucleotides bound
to UvrA is demonstrated. (B) DNA was run alone to determine the mass of each DNA duplex and to
ensure the DNA has duplexed. The masses are detailed further in Table 5.3. (C) Fluorescein lesioned, 3
base pair gapped, 3 base pair mismatched, and 1 base pair mismatched DNA was examined. The 1 base
pair mismatched DNA demonstrates approximately 70% binding, with 30% unbound based on peak
intensity. All other damages demonstrated complete DNA binding. The difference in binding between the
1 base pair and the larger damages demonstrates increased specificity for other damages. Overall, the
results indicate UvrA2 binding to the chosen damaged DNA duplexes and indicates the binding protocol
could be implemented for cryo-electron microscopy studies.
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Table 5.3: Measured masses of DNA duplexes.
DNA

Mass/Da
Measured

Expected

Δ

1

19,662.6

19,664

-1

2

19,646.4

19,648

-1

3

18,652.6

18,654

-2

4

20,174.8

20,176

-1

Figure 5.7: 3DNA model. UvrA2 is shown with block style DNA bases. Few DNA bases were shown to
be properly stacked. Source: (S. Li et al., 2019).

(Delgado et al., 2019). Despite additional interactions along the continuous strand, a small interaction
number is noted compared to the damaged strand. Additionally, the broken DNA strand has a similar
interaction energy as both strands.
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Table 5.4: Base pairing computational analysis. Green is used to demonstrate bases that were
properly matched. Source (S. Li et al., 2019).
Pair ID

Pair

Base (chain C)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

C-G
G-C
T-A
C-A
T-A
G-C
A-T
G-C
T-A
T-A
C-G
T-A
A-T
T-C
A-A
A-T
G-A
T-C
G-A
G-C
C-G
C-G
A-A

C
G
T
C
T
G
A
G
T
T
C
T
A
T
A
A
G
T
G
G
C
C
A

Residue
2
3
4
6
7
8
9
10
11
12
13
17
18
20
21
22
24
25
26
27
28
29
32

Base (Chain D)
G
C
A
A
A
C
T
C
A
A
G
A
T
C
A
T
A
C
A
C
G
G
A

Residue

# of H-bonds

31
30
29
28
26
25
24
23
22
21
20
16
15
14
13
12
10
9
8
6
5
4
1

3
3
2
2
1
1
1
1
2
2
3
2
1
2
1
2
1
1
2
3
3
3
1

W-C
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
Y
N
N
N
Y
Y
Y
N

5.4.3.2. DNA interaction analysis by DNAproDB
Most UvrA2 contacts are mainly with the DNA backbone. In fact, only one residue, T672 of chain
A is in contact with a minor groove (Figure 5.9) (Sagendorf, Berman, & Rohs, 2017; Sagendorf,
Markarian, Berman, & Rohs, 2020). Two DNA helices were confirmed, although the correct base pairing
was not detected. The two helices were of similar length Additionally, chain B of UvrA2 had larger number
of interactions, despite the two protein chains have similar buried solvent accessible surface area (Table
5.7). Notable contacts from UvrA2 from chain A include the following: K57, L54, Y60, phenylalanine (F)
731, T59, S58, and T672. From chain B, notable contacts included P64, T59, and K704. K704 is part of a
helix.
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Table 5.5: The different steps of the bases within the DNA of the UvrA2-DNA model. 6 bases are
shown to be in B-form DNA. Source: (S. Li et al., 2019).

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

STEP

XP

YP

ZP

XPH

YPH

ZPH

CG/CG
GT/AC
TC/AA
CT/AA
TG/CA
GA/TC
AG/CT
GT/AC
TT/AA
TC/GA
CT/AG
TA/TA
AT/CT
TA/AC
AA/TA
AG/AT
GT/CA
TG/AC
GG/CA
GC/GC
CC/GG
CA/AG

-1.92
-2.3
-4.18
-4.55
-0.69
-1.56
-0.64
-2
-2.27
-2.42
---0.79
-1.84
-2.36
-3.12
-6.07
-2.51
-2.53
-3.16
-3.31
-3.54
---

8.71
8.75
8.95
8.82
9.55
10.2
9.58
9.52
8.83
9.09
--8.84
8.09
8.85
9.5
7.04
9.45
9.4
9.52
8.72
8.64
---

1.06
-0.31
0.46
0.87
-0.93
-0.69
0.05
-0.83
-0.48
-0.58
---0.09
2
1.18
0.23
0.98
-0.72
-0.12
1.47
-0.41
-0.51
---

-1.86
-2.98
-3.47
-6.26
2.39
-4
-1.22
-3.85
-2.46
-1.04
---0.91
-4.52
-3.56
-3.19
-7.64
-1.64
-2.58
-5.94
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Figure 5.8: DNA bending overview. The fluorescein adducted duplex bound to UvrA featured a 30°
bend. The 3 base pair gapped DNA follows a similar curvature, though with distinct differences.
Generated using (“The PyMOL Molecular Graphics System,” 2015).
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Table 5.6: Interaction energies of UvrA2 with the DNA chains. Intraclashes are the Van der Waals’s
clashes of residues at the interface of the complex with its own molecule. Source: (Delgado et al., 2019).
DNA

Intraclashes

Intraclashes

Interaction

analyzed

group 1

group 2

energy

Interface residues

(Kcal/mol)
Broken

236.063

8.52962

-1.83434

strand

KA88 VA90 eA92 NA93 SA96 TA100 VA101
EA297 KA641 KA660 RA671 TA672 PA673
RA674 QA720 QA722 TA804 TB59 YB60
QB63 HB92 NB93 RB350 KB641 IB669 TB672
RB674 SB675 TB679 YB680 KB682 FB684
DB685 RB688 KB704 SB705 SB708 FB709
NB710 LB711 tC5 gC8 aC9 tC11 cC13 aC22
tC23 gC24 gC26

Continuous

236.063

10.7594

-0.201259

strand

LA54 LA57 SA58 TA59 YA60 KA88 eA92
NA93 RA95 WA373 LA374 SA667 IA669
TA672 RA674 SA675 TA679 YA680 KA682
FA684 DA685 RA688 SA705 SA708 FA709
NA710 LA711 FA731 FB64 KB88 TB89 SB91
NB93 RB95 SB96 EB103 DB106 RB109
NB270 EB366 PB368 eB640 KB641 KB660
RB671 TB672 PB673 RB674 TB804 KB822
RB823 tD11 tD12 aD13 aD16 cD17 tD18 gD19
aD26 gD27

Both

263.063

42.918

-1.84303

tC5 gC8 aC9 tC11 cC13 aC22 tC23 gC24
gC26 tD11 tD12 aD13 aD16 cD17 tD18 gD19
aD26 gD27 LA54 LA57 SA58 TA59 YA60
KA88 VA90 eA92 NA93 RA95 SA96 TA100
VA101 EA297 WA373 LA374 KA641 KA660
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SA667 IA669 RA671 TA672 PA673 RA674
SA675 TA679 YA680 KA682 FA684 DA685
RA688 SA705 SA708 FA709 NA710 LA711
QA720 QA722 FA731 TA804 TB59 YB60
QB63 FB64 KB88 TB89 SB91 HB92 NB93
RB95 SB96 EB103 DB106 RB109 NB270
RB350 EB366 PB368 eB640 KB641 KB660
IB669 RB671 TB672 PB673 RB674 SB675
TB679 YB680 KB682 FB684 DB685 RB688
KB704 SB705 SB708 FB709 NB710 LB711
TB804 KB822 RB823

Figure 5.9: DNA contacts are mainly from backbone. DNA contact maps demonstrate only one
contact with a groove. All other contacts are with the phosphate backbone. (A) A groove map of DNA
binding residues. (B) UvrA is colored in white except for the residues contacting the DNA. Source:
(Sagendorf et al., 2017, 2020).
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Table 5.7: Examination of protein-DNA interactions in the new DNA-UvrA2 structure. Nuc-res
indicates nucleic acid-protein residue interactions, BSA indicates buried surface area, H-bonds indicates
hydrogen bonds, VDW indicates Van der Waals interactions, and SAP indicates scores using the spatial
aggregation propensity algorithm. Source: (Sagendorf et al., 2017, 2020).
Protein

Nuc-res

Weak nuc-res

Total BSA

Chain

residue

interactions

(Å2)

H-bonds

Total

Hydrophobicity

VDW

score (SAP)

interactions
A

40

2

1056.433

12

67

-0.623

B

36

0

1043.466

6

47

-0.944

5.4.4.

Comparison to previous structures

5.4.4.1. Overview
As an initial comparison, SuperPose was used to determine major differences between key UvrA
structures. The following structures were aligned using only chain A with a given root mean square
deviation: full length Geobacillus (G.) stearothermophilus structure (PDB: 2R6F) at 2.8707 Å, full length T.
maritima in complex with DNA (PDB: 3PIH) at 3.0045 Å, T. maritima Δ117-399 (PDB: 6N9L) at 2.7462 Å,
and a T. maritima apo cryo-electron microscopy structure (Chapter III) at 2.8670 Å (Case et al., 2019;
Jaciuk et al., 2011; Pakotiprapha et al., 2008). The root mean square deviation of the chains indicates
that there is large variability between the newly acquired structure and the available structure (Figure
5.10). The root mean square deviations are quite variable, ranging from 0 to 10. However, an area where
the root mean square deviations does appear to be calmer than most is the ATPase II domain on chain B
(Figure 5.10).

5.4.4.2. Comparison to T. maritima bound to modified DNA
Only one previous UvrA structure had DNA within the structure. Although the structure was of a
single UvrA bound to a single DNA strand, the structure represents the closest image of a DNA-bound
UvrA to date (PDB: 3PIH) (Jaciuk et al., 2011). Since the structure is essentially only accurate when
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Figure 5.10: Graphs of the RMSD by residue. PDB 2R6F is graphed in black, PDB 3PIH in red, PDB
6N9L in green, and the apo UvrA2 (Chapter IV) in purple (Case et al., 2019; Jaciuk et al., 2011;
Pakotiprapha et al., 2008). (A) All graphs are comparisons to chain A of UvrA in the new DNA bound
model. (B) All graphs are comparisons to chain B of UvrA in the new DNA bound model. Source: (Maiti et
al., 2004).

comparing a single UvrA unit, although the dimer can be inferred, only the monomer is used in our
comparison.
When aligning the previous DNA bound UvrA2 to chain A of our new structure by α-carbons, they
aligned well if 3.358 Å. Little to no rotation was evident in the ATPase I and ATPase II domains (Figure
5.11). A small rotation was visible in the signature I domain (Figure 5.11). Movement was noted in the
signature II domain, mostly in helices (Figure 5.11). The insertion domain rotated away from the DNA
binding area by approximately 33° (Figure 5.11). Finally, the UvrB binding domain rotated towards the
DNA duplex by approximately 38° (Figure 5.11).
From our comparison, it is evident that the ATPase I, ATPase II, and signature II domains were
correctly characterized in the original structure (Jaciuk et al., 2011). The signature I domain has a rotation
that allows repositioning of a previously characterized β-hairpin, suggesting the previous structure did not
correctly depict this domain (Case et al., 2019; Jaciuk et al., 2011; Kraithong et al., 2017). Finally, the
UvrB binding and the insertion domains are subject to crystal contacts, which likely hindered the domains
from crystallizing in their rotated forms (Jaciuk et al., 2011). The prevention of the UvrB binding and
insertion domain, both connected to the signature II domain, could cause the small movements noted in
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Figure 5.11: Rotations from previous to new DNA bound structure. The previous DNA bound
structure is shown in yellow (PDB: 3PIH) (Jaciuk et al., 2011). Figure generated using (“The PyMOL
Molecular Graphics System,” 2015). (A) Only chain A of both structures are shown. (B) Full dimers of
both structures are shown. The signature II domain is shown in pink, signature I domain in purple,
ATPase I domain in red, the UvrB binding domain in blue green, and the insertion domain in light green.

the signature II domain. With the inferred UvrA dimer, the second chain from the published UvrA-DNA
structure has significant movement, which is not characterized here (Figure 5.11). However, the second
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chain is suggestive of a large dimer interface rearrangement from the original DNA bound structure to the
novel structure presented here.

5.4.4.3. Comparison to our new apo T. maritima UvrA2 structure
The apo UvrA2 structure presented in chapter III and the new DNA-bound structure presented
here offers the first opportunity to analyze the changes across the full UvrA dimer from solution to postdamaged DNA recognition. The changes are characterized by several rotations, including a rotation
across the dimer interface. For the sake of simplicity, we describe the changes by aligning on a single
chain, comparing the rotations within that chain, and then analyzing the second UvrA chain. Overall,
these are the rotations that we expect take place in the course from the solution state UvrA2 to DNA
binding, to after damage recognition. Additionally, our analysis represents a first look comparison
between two solution based UvrA structures.
First, a chain A alignment by the α-carbons of chain A of both structures resulted in a well-fit
alignment at 3.127 Å (Figure 5.12). The chain A of the DNA bound structure is the chain closes to the
damaged area of the DNA duplex. The largest rotation noted in the chain A between the apo-UvrA2
structure and the new DNA bound structure was in the insertion domain, an approximate 50° rotation
(Figure 5.12). Interestingly, the rotation within the insertion domain is away from the DNA. Finally, the
UvrB domain rotates towards the DNA by approximately 10° (Figure 5.12). Movement of the insertion
domain could be explained as making room for UvrB to bind to the DNA. The movement of the UvrB
binding domain could be explained as a priming the domain for UvrB binding, which will be explored in
more detail later.
For chain B, as previously noted, there is a full chain rotation of approximately 33° (Figure 5.12B).
The rotation prevents significant clashes between UvrA and the DNA. The chain that appears to rotate
away from the DNA is the chain making contacts with the continuous, undamaged strand at the damaged
area of the DNA duplex. An additional rotation on the chain B insertion domain of 124° towards the center
of the UvrA dimer, closer to the damaged area, occurs. Finally, the UvrB binding domain rotates away
from the DNA and away from the general UvrA dimer by 69° (Figure 5.12C). The additional rotation could
be a function of the monomer trying to remove the dimer from the DNA, collapsing away from the DNA
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Figure 5.12: Rotations from apo to the damaged DNA bound state. (A) The previously discussed
apo-UvrA2 structure is shown in yellow (Chapter III). Full dimers are shown, with rotations demonstrated
only in chain A. The signature II domain is shown in pink, signature I domain in purple, ATPase I domain
in red, the UvrB binding domain in blue green, and the insertion domain in light green. (B) A rigid body
rotation from the apo to DNA bound state is necessary for the new conformation. In blue is the postrotation after DNA binding and in red the apo state. (C) Rotations within the UvrB binding and insertion
domains are necessary in addition to the rigid body rotation demonstrated in (B). Source: (“The PyMOL
Molecular Graphics System,” 2015).
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duplex. However, as the monomer rotates away from the DNA, chain A, the chain trying to make
interactions with the gapped area of the damaged DNA, fails to rotate. The failure of one of the UvrA
monomers to rotate is likely a function of recognizing a DNA strand as damaged.

5.4.5.

ATPase site analysis
The previously discussed apo UvrA2 cryo-electron microscopy structure was used to align the

ATPase sites in the new DNA bound UvrA2 structure. The dimer here is separated into two molecules,
one in chain A and one in chain B. All structures were aligned using the Walker A motif (Proximal,
residues 31:39; Distal, residues 617:625) (Figure 5.13). For the proximal sites, the following aligned with
the respective root mean square deviation: G. stearothermophilus full length structure (PDB: 2R6F) at
0.818 Å, chain A of the new DNA-bound UvrA2 structure at 0.998 Å, and chain B of the new DNA-bound
UvrA2 structure at 0.292 Å (Pakotiprapha et al., 2008; “The PyMOL Molecular Graphics System,” 2015).
For the distal ATPase sites, the following aligned with the respective root mean square deviation: G.
stearothermophilus full length structure (PDB: 2R6F) at 1.015 Å, chain A of the new DNA-bound UvrA
structure at 1.214 Å, and chain B of the new DNA-bound UvrA2 structure at 1.633 Å (“The PyMOL
Molecular Graphics System,” 2015). These results underscore the lack of deviation in the motif
configuration in the UvrA ATPase sites.

5.4.6.

Contact with the DNA damaged area
The DNA is a 32-mer duplex with a central 3 base pair gap. At the gapped region, we find that

two of the three bases without a Watson-crick partner are flipped towards UvrA2. A loop (residues 57:63)
at the end of an ATPase I domain helix (residues 45:57) was discovered along the damaged strand
(Figure 5.14). Unfortunately, the volume at the loop was not well defined along the undamaged strand.
Despite significant modeling, the location of specific residues should be interpreted with caution.
However, it can be confirmed that the loop is in the generally correct area. Our results indicate that the
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Figure 5.13: ATPase sites of the new DNA bound UvrA2 model. Shown in orange is the full length
UvrA structure (PDB: 2R6F) (Pakotiprapha et al., 2008). For chain A of the new DNA bound model the
following motifs are shown: Walker A in purple, Walker B in light green, H-loop in green-blue, and the
Aromatic Loop in pink. For chain B of the new DNA bound model the following motifs are shown: Walker
A in blue, Walker B in pink, H-loop in red, and the Aromatic Loop in light blue. Figure generated with
(“The PyMOL Molecular Graphics System,” 2015).

loop is a key factor, especially residues L57, S58, T59, and Y60 (Figure 5.14). Despite the modeling of a
base-stacking interaction the interaction is likely an alternative of the modeled interaction. In the area
where there is a missing bases, the loop could not be defined in the given volume. The ordering of the
loop appears to be a key factor in the sensing of damaged DNA by UvrA2. Additionally, two of the bases
along the continuous DNA strand are flipped away from the duplex area and are visibly interacting with
the defined loop.
Finally, we note that the newly noted loop is near the β-hairpin of the third zinc binding module.
Based off an alignment on a segment of the ATPase domain II (residues 825:916), which had a root
mean square deviation of 1.059 Å, the full signature II domain, which includes the hairpin, has rotated
inward towards the center of UvrA. The second UvrA chain demonstrates a similar rotation, despite the
lack of ordering of the discussed loop. The second chain alignment featured a root mean square deviation
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Figure 5.14: DNA is being contacted at the damaged area. (A) A DNA-interaction loop (residues
57:63) makes direct contact with the undamaged DNA bases. A helix immediately preceding the loop is
well ordered when the loop makes contact with the DNA. The DNA bases being interacted with are shown
in orange and the loop is shown in red. A helix immediately preceding the loop is shown in blue. The rest
of the structure is shown in grey. (B) Along the DNA gapped area, there is density for a loop. However,
the density was not well enough defined to allow the proper building of the residues. Density suggests
there could be an interaction between the loop and the terminal DNA base. Density is shown in red and
the DNA is shown in orange. (C) The signature II domain with the β-hairpin of the third zinc binding
module of chain A of the new structure is shown here. Shown in blue green are the ATPase binding
domain II of both the new molecule and the previous DNA-bound structure. The previous structure is
shown in purple for the signature II domain with an orange β-hairpin. The UvrA chain shown in this pane
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is the chain where the DNA interaction loop is interacting with the continuous DNA strand. The new
structure is shown in yellow. (D) Chain B is shown here, the chain interacting with the gapped region of
the DNA duplex. The same coloring scheme as B is used here. Figure generated using (“The PyMOL
Molecular Graphics System,” 2015).

of 1.042 Å. A F731 at the tip of the β-hairpin is forming an interaction with the T59 within the loop (Figures
5.14 and 5.15).

Figure 5.15: The β-hairpin of the third zinc module interacts with the DNA-interaction loop. Our
structure indicates that the β-hairpin of the third zinc module does not have primary interactions with the
DNA. Rather, the β-hairpin of the third zinc module interacts with the DNA-interaction loop, thereby
partaking in DNA interrogation through secondary interactions. The coloring scheme remains the same as
Figure 5.14. Figure generated using (“The PyMOL Molecular Graphics System,” 2015).

189

5.4.7.

Modeling the location of UvrB
We modeled UvrB onto UvrA2 to understand if there may be preferential binding based off UvrA

chains, or an indication that UvrA2 recognized which strand UvrB needed to be loaded onto. UvrB was
modeled by using the previous UvrAUvrB structure (Figure 5.16) (Pakotiprapha et al., 2012). UvrA was
aligned by either UvrB binding domain (residues 118:257). Chain A and B of the new DNA bound
structure had a root mean square deviation of 2.793 Å and 4.252 Å, respectively. Here, the UvrB bound to
the UvrB binding domain of chain A is rotated high about the UvrA2-DNA complex coming closed to the
center of the damaged area of the DNA. The UvrB bound to the UvrB binding domain of chain B is rotated
significantly inward. The rotation inward would cause clashes with the current locations of UvrA chain A
and the currently modeled location of the DNA (Figure 5.16). It is interesting that the UvrB β-hairpin
previously shown to insert between the two DNA strands is located close to the DNA. In fact, the β-hairpin
is in prime location to clamp the continuous strand of DNA (Figures 5.16) (Hilton et al., 2016; Y. Liu et al.,
2011). However, the UvrB β-hairpin must clamp the damaged strand (Hilton et al., 2016; Jia et al., 2009;
S.-J. Lee et al., 2019; Y. Liu et al., 2011; Geri F. Moolenaar et al., 2001; E. E. A. Verhoeven, Wyman, et
al., 2002; Hailin Wang et al., 2009; Yue Zou & Van Houten, 1999). The model allows unwinding of DNA,
which could enable the gapped DNA strand to be properly clamped underneath the UvrB β-hairpin.
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Figure 5.16: Modeling UvrB onto the new DNA bound UvrA2 structure. Chain A of UvrA is shown in
pink, chain B in blue green, the UvrB bound to UvrB binding domain of chain B in light green, and the
UvrB bound to the UvrB binding domain of chain A in blue. All panels are colored similarly and show
different angles to demonstrate the locale of the UvrB molecules. (E) Demonstrated here is the β-hairpin
of UvrB previously shown to clamp a DNA strand, located near the DNA duplex. Figure generated using
(“The PyMOL Molecular Graphics System,” 2015).
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5.5.

Discussion

5.5.1.

Overview of UvrA2 interactions and the β-hairpin of the third zinc module
There is only minimal contact with the DNA helix. Most contacts are to the backbone of the helix.

The T and Y making direct contact with the flipped-out bases from the DNA indicates a possible DNA
probing mechanism. Since the other strand failed to be probed by the DNA interaction loop, UvrA2 may
understand which strand is damaged. These interactions are promising in understanding a DNA-damage
probing mechanism. Further mutational analysis will need to be conducted to confirm the full function of
the DNA-damage interaction loop.
The ordering of the loop following the helix, a process that may further order the helix, is further
stabilized by the β-hairpin of the third zinc binding module. Therefore, the role of the β-hairpin appears as
a sensor for the ordering of the damaged-DNA interaction loop, rather than direct interactions with DNA
(Kraithong et al., 2017). The rotation within the β-hairpin would than cause a coordination to the signature
I domain that the strand is damaged. The sensing of the ordering of the loop does not appear to cause
any major conformational change. However, the signature II domain is clearly rotated within the structure.
Our results indicate that UvrB loading could be a function of a rotation in the signature II domains, as
previously indicated (Pakotiprapha et al., 2012). A rotation in the β-hairpin making secondary contacts
with the continuous DNA strand is indicated. Therefore, it would be the non-rotation of the β-hairpin itself
that would signal UvrB binding to the DNA. UvrB loading requiring non-rotation of the β-hairpin could
provide understanding as to why UvrB is on rare occasion loaded onto undamaged DNA.

5.5.2.

A new DNA sensing mechanism
Our results suggest a new mechanism for UvrA and DNA damaged recognition. We find that two

out of the three bases not capable of base pairing, since there are no opposing bases, are flipped
towards a DNA-recognition loop (residues 57:63). The third base remains in the general area of a
continuous DNA helix. When the bases flip towards the loop, the loop is well ordered, and includes
ordering of a helix that supports that loop (residues 45:56). Along the damaged strand, there are no
bases to flip towards the DNA probing loop. The lack of bases prevents the proper ordering of the loop
and also features a less, well-ordered supporting helix. These findings are suggestive of a base-flipping
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mechanism capable of recognizing a plethora of damages that prevents proper base pairing. These types
of damages include the natural substrates for the NER pathway, such as 6,4-photoproduct and thymine
dimers. Both 6,4-photoproduct and thymine dimers feature the linkage of two adjacent bases. Therefore,
a base flipping mechanism by UvrA2 would require the flipping out of both bases, further supporting our
proposed mechanism. Finally, our mass spectrometric results indicate that UvrA2 bound only 70% of 1
base pair mismatch verses approximately 100% binding by UvrA2 for 3 base pair mismatch, 3 base pair
gapped, and fluorescein adducted DNA. Since the 1 base pair mismatch has only one base capable of
flipping out towards UvrA2, the absence of the second that the UvrA2-DNA recognition loop prefers, based
off our novel structure, would indicate that UvrA2 would prefer this damage less than any other damage
studied.
It should be noted that there is no indication of anu possible DNA-duplex melting at the damaged
area. Our analysis suggests that the novel structure is a view post damaged-DNA recognition. Therefore,
any melting occurring by UvrA2 as a part of damage recognition may not be visible in the structure.
However, given the new information on the DNA-damage recognition loop, and the lack of base pairing in
both 6,4-photoproduct and thymine dimers, DNA melting is not necessary for the bases to be flipped
towards UvrA2 and to interact with the DNA-recognition loop.
In the case of a single strand of damaged DNA, one UvrA monomer, the UvrA monomer that
recognizes a strand of the DNA as undamaged, folds towards the UvrA dimer, likely as part of a
collapsing mechanism. After UvrA2 binds with the DNA, in the case of undamaged DNA, we expect that
each UvrA monomer, folds towards the other, leading to the release of the DNA, while maintaining a
dimer. In the case of a single strand of damaged DNA. However, without the collapse of one of the UvrA
monomers, this would indicate a mechanism for UvrA to sense which DNA strand is damaged and
additionally. Additionally, without the second UvrA unit collapsing, removal of the UvrA dimer from DNA is
stalled. The proposed understanding of which DNA strand is damaged by UvrA2 could lead to a
mechanism in which only one UvrB loading, the necessary UvrB in DNA repair.
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5.5.3.

A new UvrB loading mechanism
Interestingly, UvrB is placed in two different locations, based off modeling it bound to the UvrB

binding domains. Our finding suggests that UvrA2 understands which DNA strand is damaged and is
prepared to add UvrB to the damaged strand. It has been previously determined that UvrB uses its 5’ to 3’
helicase activity along the damaged DNA strand until UvrB stalls at the damaged strand (Myles et al.,
1991; Orren & Sancar, 1990; Pakotiprapha et al., 2012; Stracy et al., 2016; Truglio et al., 2004). If only a
single UvrB molecule would be recruited in this damage recognition cycle, it would likely be to be the one
shoved against the DNA (Figure 5.17). In the original UvrAUvrB structure the two UvrB molecules were
placed far from the damaged area of DNA (Pakotiprapha et al., 2012). Additional UvrB contacts could be
made by the second UvrA molecule in that configuration (Figure 5.16). Therefore, the UvrB rotating away
from UvrA2 loses significant contact with UvrA2. Additionally, the placement of UvrB so close to the
signature II domain of the second UvrA could allow for an interaction that may melt the DNA, allowing
UvrB to load.

5.5.4.

Overall mechanism
These results indicate that a following sequence of events as the DNA recognition and UvrB

loading mechanism for gapped DNA repair. First, UvrA2 binds the DNA. UvrA2 makes minimal contacts
with the DNA. If UvrA2 can make extensive interactions with the DNA, through a DNA-damage interaction
loop, it senses the DNA duplex as damaged and may distinguish which DNA strand is damaged. Sensing
of the damaged DNA strand, via the DNA damage interaction loop at the center of the molecule, causes
rotations within the signature II domain. The signature II domain rotation is caused mainly by interaction
between the β-hairpin of the third zinc module and the DNA interaction loop. The signature II domain from
the undamaged strand is rotated in a way that also coordinates signature I rotation. When DNA bases are
not detected by the DNA damage interaction loop, indicating the DNA is undamaged, results in a rotation
in the UvrA unit and collapse. The collapse, in the case of an undamaged DNA duplex, results in the
removal of the UvrA dimer from the DNA.
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Figure 5.17: UvrB is moved to load onto DNA. If UvrB is loaded onto the damaged DNA strand, then
the proposed orientation is the correct pre-UvrB loading complex, based on its 5’ to 3’ translocation
activity. Coloring is as in Figure 5.16. Figure generated using (“The PyMOL Molecular Graphics System,”
2015).

In the case of a damaged DNA duplex, one strand is detected as damaged by the UvrA DNA
damage interaction loop. The coordination from the undamaged strand leads to the rotation of the UvrB
binding domain away from the DNA as an attempted collapse. Additionally, fewer contacts are made with
any would-be binding UvrB molecule to the rotated away UvrB domain. Therefore, binding to the UvrB
binding domain rotated further away from the molecule would not be favorable. When the DNA sensing
loop senses a damage only one UvrA attempts to collapse from the DNA. The lack of DNA, as well as the
rotations from the UvrA molecule that sensed the undamaged DNA strand, cause the molecule to rotate.
Rotations are especially noted in the signature I and the signature II domain. The rotations on this
molecule causes a UvrB binding domain rotation closer to the DNA duplex. The UvrB binding domain is
positioned at the periphery of the complex. The positioning allows UvrB to be loaded. The DNA melting
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scheme is not apparent in the current model. However, positioning would indicate that a UvrB interaction
with the signature II domain or the UvrB binding domain it is binding to causes the melting of DNA. A
second scheme could be that UvrB binds to UvrA high above the DNA. When UvrA2 collapses from the
DNA, UvrA pulls UvrB with it as it collapses from the DNA until UvrB encounters the DNA. It is unclear
how the DNA melting required to load UvrB would occur in the collapsing model.
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CHAPTER SIX
Graphical conclusions
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A1.1.

Abstract
The UvrA2 dimer finds lesions in DNA and initiates nucleotide excision repair. Each UvrA

monomer contains two essential ATPase sites: proximal (P) and distal (D). The manner whereby their
activities enable UvrA2 damage sensing and response remains to be clarified. We report three key
findings from the first pre-steady state kinetic analysis of each site. Absent DNA, a P2ATP-D2ADP species
accumulates when the low-affinity proximal sites bind ATP and enable rapid ATP hydrolysis and
phosphate release by the high-affinity distal sites, and ADP release limits catalytic turnover. Native DNA
stimulates ATP hydrolysis by all four sites, causing UvrA2 to transition through a different species, P2ADPD2ADP. Lesion-containing DNA changes the mechanism again, suppressing ATP hydrolysis by the
proximal sites while distal sites cycle through hydrolysis and ADP release, to populate proximal ATPbound species, P2ATP-Dempty and P2ATP-D2ATP. Thus, damaged and native DNA trigger distinct ATPase site
activities, which could explain why UvrA2 forms stable complexes with UvrB on damaged DNA compared
with weaker, more dynamic complexes on native DNA. Such specific coupling between the DNA
substrate and the ATPase mechanism of each site provides new insights into how UvrA 2 utilizes ATP for
lesion search, recognition and repair.
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A1.2.

Introduction
Nucleotide excision repair (NER) processes diverse lesions in DNA damaged by chemical

modification (e.g. benzo[a]pyrene adducts) or UV radiation (e.g. cyclobutane pyrimidine dimers) (Kisker et
al., 2013; Marteijn et al., 2014; Schärer, 2013; Spivak, 2015). This multi-step pathway employs different
proteins to scan the genome, distinguish damaged from undamaged (native) DNA, incise and remove the
lesion-containing section of single-stranded DNA and, finally, mediate DNA synthesis using the
undamaged strand as template (Figure A1.1A). Given the importance of NER for maintaining genome
integrity, it is not surprising that these protein functions have been conserved through evolution, although,
interestingly, the proteins themselves have not. Defects in eukaryotic NER are associated with cancer
predisposition, UV sensitivity and premature aging among other conditions related to genome instability.
In bacteria, NER is initiated by UvrA2, which scans dsDNA and binds to lesions with high affinity
(Figure A1.1A) (Croteau et al., 2006; Kad et al., 2010; Mazur & Grossman, 1991; Stracy et al., 2016).
Once a lesion is located, the DNA is handed off to UvrB, a helicase that translocates along singlestranded DNA and verifies the damage via contact with a β-hairpin (DellaVecchia et al., 2004; Jia et al.,
2009; Y. Liu et al., 2011; Geri F. Moolenaar et al., 2001; Truglio, Karakas, et al., 2006; Waters et al.,
2006). The timing and context of interaction between UvrA2 and UvrB is still under investigation.
Biochemical and structural studies show that a UvrA2B2 complex can form without DNA (Pakotiprapha &
Jeruzalmi, 2013; Pakotiprapha et al., 2012; E. E. A. Verhoeven, Wyman, et al., 2002), and single
molecule studies implicate this complex in the initial search (Kad et al., 2010), but also indicate that UvrA2
can find a lesion by itself and then recruit UvrB (Stracy et al., 2016). The handoff to UvrB is accompanied
by expulsion of UvrA2 from the damage-sensing complex (Orren & Sancar, 1989). Lesion-bound UvrB
recruits UvrC, a dual 5′ and 3′ nuclease, to nick the damaged strand at sites flanking the lesion (Karakas
et al., 2007; J. J. Lin et al., 1992; Truglio et al., 2005; E. E. Verhoeven, van Kesteren, Moolenaar, Visse,
& Goosen, 2000). Subsequent strand displacement by UvrD helicase allows gap filling by DNA
polymerase I, and finally DNA ligase completes repair (Kisker et al., 2013).
Previous research on how UvrA2 utilizes ATP has shown that both proximal and distal ATPase
sites are required for its function (Myles et al., 1991; Thiagalingam & Grossman, 1991; Timmins et al.,
2009; Wagner et al., 2010). Mutants of conserved Walker A and B motif residues have been employed to
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Figure A1.1: NER model and UvrA2 dimer showing two ATPase sites on each subunit. (A) Minimal
NER pathway depicting lesion recognition by UvrA2, verification by UvrB, nicking of damaged DNA by
UvrC and removal by UvrD, followed by DNA resynthesis and ligation by polymerase and ligase. (B)
Geobacillus stearothermophilus UvrA2 structure with one subunit colored by domains and the other in
gray. The composite proximal (pink circles) and distal (green circles) ATPase sites made by ATP-binding
domain I/signature domain II and ATP-binding domain II/signature domain I, respectively, are labeled on
the gray subunit, as are Walker A and B residues in each site. The bound ADP is depicted as sticks
(yellow) and the DNA binding groove by a dashed line (PDB code: 2R6F) (Pakotiprapha et al., 2008). (C)
Schematic of the composite ATPase sites, showing the two nucleotide-binding domains (NBD) in each
subunit (chains A, B).

parse the role of each ATPase site; specifically, a Walker A lysine that hydrogen bonds with the βphosphate and is important for nucleotide binding, and a Walker B glutamate that serves as a general
base to activate water for ATP hydrolysis (Gorbalenya & Koonin, 1990; Orelle, Dalmas, Gros, Di Pietro, &
Jault, 2003; Walker, Saraste, Runswick, & Gay, 1982). Some key findings from these studies are: UvrA2
dimer is more stable in the presence of ATP (Oh, Claassen, Thiagalingam, Mazur, & Grossman, 1989;
Thiagalingam & Grossman, 1993), possibly as a mixed nucleotide-bound/free species in which the
proximal site is empty and the distal site may be occupied by ATP or ADP (Stracy et al., 2016; Wagner et
al., 2010, 2009); ATP promotes UvrA2 interaction with UvrB and its recruitment to the damage site, again
possibly as a mixed species in which the distal site is ATP-bound (Malta et al., 2007; Stracy et al., 2016;

208

Wagner et al., 2010); and, ATP hydrolysis facilitates UvrA2 dissociation from DNA (Thiagalingam &
Grossman, 1991). Based on structural, biochemical and in vivo single-molecule imaging data, it has been
proposed that the proximal site is involved in regulating interactions among UvrA 2, UvrB and DNA, and
the distal site is involved in genome scanning (Pakotiprapha et al., 2012; Stracy et al., 2016). However,
some studies have yielded discordant results; for example, the ATPase site mutants have been reported
to suffer complete loss of ATP binding and hydrolysis or to maintain residual activity, which confounds
interpretation of their function, and have been found either proficient or deficient in specific binding to
lesions (Myles et al., 1991; Stracy et al., 2016; Thiagalingam & Grossman, 1991; Wagner et al., 2010).
These discrepancies, which could be due to differences in assays, reaction conditions and/or nucleotide
or ATPase contaminants in the protein preparations, have hindered definitive understanding of the role of
UvrA2 ATPase activity in NER. More importantly, the stoichiometry and kinetics of ATP binding and
hydrolysis catalyzed by UvrA2 have not been determined thus far. Due to this fundamental gap in
knowledge, questions about the proximal and distal site ATPase mechanisms, especially how they are
coupled to each other and to UvrA2 interactions with DNA and UvrB, remain to be resolved.
In this study, we measured the rates of distinct steps in the ATPase reaction catalyzed by each
site on UvrA2, from ATP binding to hydrolysis and product release, in the absence and presence of native
and lesion-containing DNA. We chose G. stearothermophilus UvrA2 as the model protein, since crystal
structures of this protein in different states are available to help interpret the kinetic data (Kraithong et al.,
2017; Pakotiprapha et al., 2009, 2012; Timmins et al., 2009). We also leveraged information from the
highest resolution UvrA2 structure (2.0 Å), reported here for the first time (Thermotoga maritima UvrA2;
PDB code: 6N9L). Before initiating mechanistic analysis, we addressed the problem of potential
nucleotide contamination by testing G. stearothermophilus UvrA2 purified by a previously reported
protocol (Pakotiprapha et al., 2008). The results of a luciferase-based assay for ADP and ATP showed
that the protein co-purifies with about one ADP bound per UvrA2. Adjustment of the purification protocol
includes mild heat treatment that successfully removed all the ADP (Supplementary Figure A1.S1). We
also prepared a double Walker A mutant with the conserved lysines in both sites (K37 and K643) mutated
to alanine, in order to detect any contaminating ATPases against a background of catalytically inactive
UvrA2. ATPase assays with K37A-K643AUvrA2 found no detectable activity (Figure A1.6A). Pre-steady state
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kinetic analysis of wild-type and mutant UvrA2 proteins identified stark asymmetry in the ATP binding and
hydrolysis activities of the proximal and distal sites and showed that they are modulated differentially by
native and lesion-containing DNA. The findings offer new ideas for understanding how UvrA2 utilizes ATP
to discriminate between native versus damaged DNA and initiate NER.
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A1.3.

Methods and materials

A1.3.1. Proteins, DNA and other reagents
Wild-type G. stearothermophilus UvrA2 was overexpressed in Escherichia coli Rosetta (DE3)
pLysS cells (Millipore Sigma) from pET28a-NHis-UvrA plasmid and purified by a modified version of a
previously described procedure (Pakotiprapha et al., 2012). Briefly, cells were grown from a fresh colony
in LB media at 37°C to 0.6 OD600, induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 3
h at 30°C and pelleted by centrifugation (all steps after growth were at 4°C unless noted otherwise). The
cell pellet was resuspended and lysed by homogenization in buffer (50 mM Tris–HCl, pH 8, 0.5 M NaCl,
20% sucrose) containing a protease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride (PMSF)
(Millipore Sigma). To remove DNA and nucleotide contaminants, the lysate was warmed at 55°C for 15
min and then cooled to 4°C, clarified by ultracentrifugation (50 000 g), brought to 1 M NaCl and treated
with 0.5% polyethyleneimine (PEI), and then clarified again by centrifugation (25 000 g). Next, protein
was precipitated overnight with 65% ammonium sulfate (Thomas et al., 1985) and the pellet was
suspended in buffer (50 mM Tris–HCl pH 8, 0.5 M NaCl, 10 mM imidazole, 5 mM β-mercaptoethanol) for
column chromatography. The protein solution was purified over a Nickel-NTA agarose column (Qiagen)
using a 10–150 mM imidazole gradient in the same buffer. Peak fractions were pooled, diluted with buffer
(50 mM Tris–HCl, pH 7.4, 5 mM β-mercaptoethanol) to 0.2 M NaCl and further purified on a Heparin
Sepharose 6 column (GE Healthcare) using a 0.2–1 M NaCl gradient in the same buffer. Finally, peak
fractions were pooled, the protein was dialyzed against buffer (25 mM Tris–HCl, pH 7.4, 0.25 M NaCl,
20% glycerol, 1 mM DTT), and aliquots were flash frozen in liquid nitrogen for storage at −80°C (freshly
thawed aliquots were used for each experiment). Preparation of overexpression clones for UvrA 2 Walker
A mutants, K37AUvrA2, K643AUvrA2 and K37A-K643AUvrA2, has been described previously (Pakotiprapha et al.,
2012), and clones for Walker B mutants, E512AUvrA2 and E854AUvrA2, were prepared using the QuikChange
Lightning kit (Agilent Technologies); primer sequences: E512A forward: 5′-CGT GCT CGA CGC GCC
GTC GAT CGG-3′; E512A reverse: 5′-CCG ATC GAC GGC GCG TCG AGC ACG-3′; E854A forward: 5′GCT CTA CAT TTT GGA CGC GCC GAC GAC C-3′; E854A reverse: 5′-GGT CGT CGG CGC GTC CAA
AAT GTA GAG C-3′. All mutant proteins were purified as described for wild-type UvrA2 above. Protein
samples were run on an agarose gel and stained with ethidium bromide to test for DNA contamination
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(none detected) and by a luciferase-based bioluminescence kit (Millipore Sigma) for nucleotide
contamination (no significant level of ADP or ATP was detected in proteins purified by the above protocol;
see Supplementary Data for method and results, Figure A1.S1). E. coli phosphate binding protein (PBP)
was purified and labeled with MDCC as described (Brune et al., 1998). Preparation and crystallization of
T. maritima UvrA Δ117-399 is described in Supplementary Data.
All DNAs were purchased from Integrated DNA Technologies. Unlabeled DNA strands were
purified in-house by electrophoresis in 6 M urea/18% (w/v) polyacrylamide gels followed by electroelution
and ethanol precipitation, and fluorescein-labeled strands were obtained HPLC purified and desalted. The
sequences are: template: 5′-TGG ATT ACT TAC GGC CAC ATT ACT ACT GGA ACT CAG AAC GAG
CTG ACA GG-3′ (unlabeled for ATPase assays with native DNA and 5′ end-labeled with 6-FAM for native
DNA binding assays); native complement: 5′-CCT GTC AGC TCG TTC TGA GTT CCA GTA GTA ATG
TGG CCG TAA GTA ATC CA-3′; fluorescein lesion complement: 5′-CCT GTC AGC TCG TTC TGA GTT
CCA G/iFluorT/A GTA ATG TGG CCG TAA GTA ATC CA-3′. Duplex DNA substrates were prepared by
annealing complementary strands in 1:1 ratio by heating for 1 min at 95°C followed by slow cooling O/N
to room temperature in buffer (20 mM Tris–HCl, pH 7.4, 0.1 M NaCl), and tested by non-denaturing PAGE
to confirm >95% duplex. DNA binding to UvrA2 was measured by change in fluorescence anisotropy of
fluorescein end-labeled (undamaged) or internally labeled (damaged) DNAs (see Supplementary Data for
method and results, Figure A1.S6). All nucleotides, ATP, ADP, mant-ATP and mant-ADP, were
purchased from Millipore Sigma.

A1.3.2. Mant-nucleotide binding assays
Mant-ATP and mant-ADP binding kinetics were measured by monitoring change in fluorescence
of the mant fluorophore (λEX = 352 nm, λEM > 420 nm) over time when increasing concentrations of the
nucleotide were mixed with wild-type or mutant UvrA2 in the absence or presence of DNA in a stoppedflow instrument (KinTek Corp, Austin TX) in buffer (20 mM Tris–HCl, pH 7.4, 0.15 M NaCl, 5% glycerol, 5
mM MgCl2, 5 mM DTT) at 40°C (final concentrations: 0.1 μM UvrA 2, ± 0.2 μM DNA and 2.5–10 μM mantATP or mant-ADP). Mant-ADP dissociation kinetics were measured directly by monitoring the change in
fluorescence over time on mixing wild-type or mutant UvrA2 pre-incubated with mant-ADP, in the absence
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or presence of DNA, with excess unlabeled ADP or ATP on the stopped-flow (final concentrations: 0.1 μM
UvrA2, ± 0.2 μM DNA, 10 μM mant-ADP and 2 mM ADP or 2 mM ATP). The signal from 3 to 5 traces was
averaged for each experiment and corrected for background fluorescence from mant-nucleotide alone
(mant-ADP photobleaching caused a slow, linear decrease in signal to 15% at most over the 150-s
dissociation time scale). Association data were fit to a single exponential equation to determine the
observed rate (kobs), and linear dependence of this rate versus nucleotide concentration yielded the
bimolecular rate constant, kon and the dissociation rate, koff (kobs = kon[mant-nucleotide] + koff). Error bars
report standard error of the mean (S.E.M.) from N = 3. Dissociation data were fit to a single exponential
equation to determine koff.
The stoichiometry of nucleotide binding was measured by Förster resonance energy transfer
(FRET) between UvrA2 tryptophans (donor) and mant-ADP (acceptor). UvrA2 (3 μM) was titrated with
mant-ADP (0–20 μM) in buffer (20 mM Tris–HCl, pH 7.4, 0.15 M NaCl, 5% glycerol, 5 mM MgCl2, 5 mM
DTT) at 40°C, and fluorescence intensity was measured after mixing and a 1-min incubation (λEX = 290
nm, λEM = 305–400 nm; Jobin-Yvon Horiba Fluoromax-3). Emission spectra were collected for UvrA2
alone (D), mant-ADP alone (A) and UvrA2 plus mant-ADP (DA), and the spectra were integrated using
Grams/AI software (Thermo Scientific); the fluorescence intensity of A was subtracted from that of DA to
correct for background mant-ADP excitation at 290 nm, and fluorescence intensity of D was aligned with
the initial value for DA (at zero mant-ADP). FRET efficiency was calculated as equation A1.1 ; FDA and FD
are the corrected fluorescence intensities of DA and D, respectively. EFRET values from three independent
experiments were averaged and plotted versus mant-ADP concentration. The inflection point between
initial and final slopes of the isotherm yielded the stoichiometry of mant-ADP binding to UvrA2 (error bars
report S.E.M. from N = 3).

𝐸𝐹𝑅𝐸𝑇 = 1 − (

𝐹𝐷𝐴
𝐹𝐷

)

(Eq. A1.1)
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A1.3.3. Phosphate release assays
Phosphate (Pi) release from UvrA2 after ATP hydrolysis was measured under pre-steady state
conditions by monitoring change in fluorescence of the MDCC fluorophore (λEX = 425 nm, λEM > 450 nm)
when wild-type or mutant UvrA2 and MDCCPBP, in the absence or presence of DNA, were mixed with ATP
on a stopped flow instrument in buffer (20 mM Tris–HCl, pH 7.4, 0.15 M NaCl, 5% glycerol, 5 mM MgCl2,
5 mM DTT) containing a Pi contaminant mopping system of 0.1 unit/mL polynucleotide phosphorylase
(Millipore Sigma) and 0.2 mM 7-methylguanosine (R.I. Chemical Inc., Orange, CA) at 40°C (final
concentrations: 0.125–2 μM UvrA2 and 1 mM ATP, or 2 μM UvrA2 and 10 μM to 2 mM ATP, or 0.25 μM
UvrA2, ± 1 μM DNA and 1 mM ATP, and 15 μM MDCCPBP) (Antony & Hingorani, 2004). The signal from 4
to 6 traces was averaged for each experiment, converted to Pi concentration using a calibration curve
generated with standard Pi solution (Millipore Sigma) under the same conditions (Supplementary Figure
A1.S4A), and corrected for a low background signal at zero time. The data were fit to a double
exponential + linear equation shown in equation A1.2 (kinetic traces with lag, burst and linear phases;
Supplementary Figure A1.S4D) or linear equation (linear kinetic traces) for initial estimation of the burst
and steady state rates (kcat = linear slope/4 sites × [UvrA2] for wild-type or slope/2 sites × [UvrA2] for
mutants). Data from the concentration series were fit simultaneously using KinTek and FitSpace Explorer
(K. A. Johnson, 2009; K. A. Johnson, Simpson, & Blom, 2009b, 2009a) to determine a minimal kinetic
mechanism. The raw data, together with details of model development and data fitting by KinTek
Explorer, are available as Supplementary Data at NAR Online.

𝐴1 𝑒 −𝑘1 𝑡 + 𝐴2 𝑒 −𝑘2 𝑡 + 𝑘3 𝑡

(Eq. A1.2)
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A1.4.

Results
Transient kinetic measurements of wild-type UvrA2, as well as proximal and distal Walker A and B

mutants, were performed to detail the ATP binding, hydrolysis and product release mechanisms of these
sites. The ATPase kinetics in the absence and presence of DNA reveal specific coupling between each
site and type of DNA, which could help explain the different actions of UvrA2 on native DNA (search for
lesions) and at a damage lesion (signal repair).

A1.4.1. Asymmetric nucleotide binding to proximal (weak) and distal (tight) ATPase sites on the
UvrA2 dimer
We used ATP and ADP analogs with the ribose modified by 2′(3′)-O-(N-methylanthraniloyl)
fluorophore (mant) (Hiratsuka, 1983) to measure the kinetics and stoichiometry of nucleotide binding to
UvrA2. Mant-nucleotide fluorescence intensity increases on binding to UvrA 2, as reported previously for
other ATPases (Cochran et al., 2004; Galletto, Rajendran, & Bujalowski, 2000). Monitoring the signal over
time after mixing 0.1 μM UvrA2 with 10 μM mant-ATP on a stopped flow yields a binding rate of 0.6 s−1
(Figure A1.2A; kinetic trace under pseudo first order conditions fit with a single exponential function). A
titration with mant-ATP reveals linear concentration dependence of the binding rate, providing a
bimolecular association rate constant from the slope and a rough estimate of the dissociation rate from
the Y-intercept (kon = 0.4 × 105 M−1 s−1, koff(estimate) = 0.2 s−1; Figure A1.2A inset; Supplementary Figures
A1.S2B, A1.S2D, Table A1.1). A similar analysis of mant-ADP binding kinetics yields comparable rates
(kon = 1.3 × 105 M−1 s−1, koff(estimate) = 0.06 s−1; Figure A1.2B, Supplementary Figures A1.S2C, A1.S2E,
Table A1.1). The dissociation rate was also measured directly by pre-incubating mant-ADP with UvrA2
and mixing with excess unlabeled ADP to prevent mant-ADP rebinding. In this experiment, mant-ADP
fluorescence decreases as a single exponential over time and yields a slow koff = 0.03 s−1 (Figure A1.2C).
The koff/kon ratio yields a dissociation constant of 0.23 μM for mant-ADP, indicating a high affinity and
stable interaction with UvrA2 (KD1; Table A1.1). Mant-ATP dissociation was not measured directly, as this
nucleotide is hydrolyzed in the time frame of the experiment (from the mant-ATP koff estimate above, KD1
∼5 μM).
The next step was to determine how many of the four ATPase sites on UvrA 2 bind nucleotides.
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Figure A1.2: Kinetics, affinity and stoichiometry of nucleotide binding to UvrA 2. Nucleotide binding
was monitored by increase in fluorescence on mixing UvrA2 with (A) mant-ATP or (B) mant-ADP (final:
0.1 μM UvrA2 and 2.5–10 μM mant-nucleotide; 10 μM trace shown here; see Supplementary Figure
A1.S2). Time traces fit to a single exponential yield rates that depend linearly on nucleotide concentration,
and the slope yields kon = 0.4 and 1.3 × 105 M−1 s−1 for mant-ATP and mant-ADP, respectively (A and B,
inset). (C) Nucleotide dissociation was measured by pre-incubating mant-ADP with UvrA2 and mixing with
excess unlabeled ADP chase (final: 0.1 μM UvrA2, 10 μM mant-ADP and 2 mM ADP). The decrease in
fluorescence fit to a single exponential yields koff = 0.03 ± 0.0002 s−1 (koff/kon yields a tight KD1 = 0.23 μM
for mant-ADP; Table A1.1). (D) UvrA2 structure showing distances between tryptophans W307, W609
(donor) and nucleotides (acceptor mant-ADP) (PDB code: 2R6F). (E) Nucleotide binding stoichiometry
was measured by FRET on titrating UvrA2 (3 μM) with increasing mant-ADP; error bars report S.E.M. (N =
3). The inset shows spectra for UvrA2 alone (donor, D) and with mant-ADP (donor + acceptor, D+A). The
binding isotherm has an inflection point of 6.8 μM (2.3 mant-ADP per UvrA2 dimer).
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Table A1.1: Measured parameters for the UvrA2 ATPase mechanism.
aS.E.M.
bk

range from 2 to 10% for all reported values from 2 to 4 independent measurements.

cat=linear

cND=not

UvrA2

slope/4 sites x [UvrA2] for wild-type, and slope/2 sites x [UvrA2] for mutants

detectable
DNA

mantATP

mantADP

mantADP

𝒌𝒐𝒏 (𝒙𝟏𝟎𝟓 𝑴−𝟏 𝒔−𝟏 ) 𝒌𝒐𝒏 (𝒙𝟏𝟎𝟓 𝑴−𝟏 𝒔−𝟏 ) 𝒌𝒐𝒇𝒇 (ADP

mantADP

mantADP

𝑲𝑫𝟏 (µM)

𝒌𝒐𝒇𝒇 (ADP

chase; 𝒔−𝟏 )

𝒌𝒄𝒂𝒕 (𝒔−𝟏 )

chase; 𝒔−𝟏 )

Wild

None

a0.4

1.3

0.03

0.2

2.3

b0.2

type

Native

0.6

1.6

0.04

0.3

8.7

0.8

Lesion

0.6

1.7

0.05

0.3

13

1.4

None

0.5

2.3

0.05

0.2

0..06

0.04

Native

0.8

2.2

0.1

0.4

0.1

0.04

Lesion

0.7

2

0.1

0.5

0.1

0.03

None

0.5

2.6

0.05

0.2

5

0.3

Native

0.6

2.6

0.1

0.4

15

0.6

Lesion

0.7

2

0.1

0.6

25

2

None

cND

ND

ND

ND

ND

0.1

Native

ND

ND

ND

ND

ND

1.4

Lesion

ND

ND

ND

ND

ND

0.3

None

0.9

4

0.07

0.2

4

0.6

Native

1

3.3

0.1

0.4

7

0.3

Lesion

0.9

3.2

0.2

0.5

13

0.3

K37A

E512A

K643A

E854A

We measured the stoichiometry by titrating UvrA2 (3 μM) at a concentration well above the measured
dissociation constant (0.23 μM) with increasing amounts of mant-ADP. In this case, the reporter was
UvrA2 tryptophan fluorescence quenching due to FRET to mant-ADP (Bujalowski & Klonowska, 1994).
Figure A1.2D shows distances between potential tryptophan donors and mant-ADP acceptors at the
proximal and distal sites in G. stearothermophilus UvrA2; tryptophan - mant R0 ∼25 Å (Bujalowski &
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Klonowska, 1994; Yengo, Chrin, Rovner, & Berger, 2000). As shown in Figure A1.2E, FRET efficiency
increases linearly with mant-ADP concentration until saturation, and the inflection point yields a ratio of
2.3 mant-ADP bound per UvrA2 (Figure A1.2E, inset shows the emission spectra of UvrA2, alone and with
mant-ADP). These results indicate asymmetry in the nucleotide binding properties of UvrA2 since only two
of the four ATPase sites bind ADP with high affinity.
The above experiments do not reveal which two sites bind ADP tightly and whether asymmetry
exists within a monomer (between each proximal and distal site) or between monomers (between the
pairs of sites across the dimer) (Figure A1.1B and A1.1C). We addressed this question using ATPase
mutants in which the conserved Walker A lysine was replaced with alanine to disrupt ATP binding
(proximal: K37A; distal: K643A; Figure A1.3A) (Panagiotidis, Reyes, Sievertsen, Boos, & Shuman, 1993),
and the conserved Walker B glutamate was replaced with alanine to disrupt ATP hydrolysis while (likely)
retaining ATP binding (proximal: E512A; distal: E854A; Figure A1.3A) (Orelle et al., 2003). The kinetics of
ATP and ADP binding to the mutants was measured as for wild-type UvrA2 (Figure A1.2A). As shown in
Figures A1.3B and A1.3C, both Walker B mutants, E512AUvrA2 (proximal) and E854AUvrA2 (distal), exhibit
similar mant-ATP and mant-ADP binding kinetics as wild-type (Figure A1.2A), with kon on the order of 105
M−1 s−1. Thus, this mutation does not disrupt nucleotide binding to UvrA2 (Supplementary Figures A1.S2D
and Table A1.1); a slightly higher signal for mant-ATP-bound E854AUvrA2 may indicate a change in the
local environment of the nucleotide, although this difference is not observed with mant-ADP. The Walker
A mutant K37AUvrA2, in which proximal ATP binding is disrupted while the distal site is intact, also exhibits
a similar nucleotide binding rate. In contrast, the complementary Walker A mutant

K643AUvrA ,
2

in which

distal ATP binding is disrupted while the proximal site is intact, shows no binding at nucleotide
concentrations tested on the stopped flow (Figure A1.3B and A1.3C; Supplementary Figures A1.S2D and
A1.S2E). According to these results, distal sites bind mant-nucleotides, but proximal sites do not. MantADP dissociation measurements show that the three mutants, K37AUvrA2, E512AUvrA2 and E854AUvrA2, bind
mant-ADP with comparable high affinity and stability to wild-type (koff ∼0.05 s−1, KD ∼0.2 μM; Figure
A1.3D, Table A1.1), whereas K643AUvrA2 does not show any change in the baseline signal, consistent with
its inability to bind mant-ADP under these conditions (Figure A1.3D). Moreover, the FRET-based assay
used to measure mant-ADP binding stoichiometry (Figure A1.2E) reports weak interaction at best for
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K643AUvrA
2

(Supplementary Figure A1.S2F). Together, these results clearly indicate that distal sites on

UvrA2 bind ATP and ADP tightly, whereas proximal sites have weaker affinity. This finding is consistent
with the detection of [α-32P]ATP bound to K37AUvrA2 but not K643AUvrA2 in a nitrocellulose filter binding
assay(Pakotiprapha et al., 2012). Thus, we can conclude that nucleotide binding asymmetry exists
between the proximal and distal ATPase sites on each monomer in UvrA2, and the stoichiometry of two
mant-ADP per UvrA2 reflects occupancy of the two high-affinity distal sites on the dimer (Figure A1.1B
and A1.1C).

Figure A1.3: The distal ATPase sites on UvrA2 bind nucleotides with high affinity. (A) Aligned
proximal and distal ATPase sites depicting Walker A and B residues (PDB code: 2R6F). Kinetics of (B)
mant-ATP and (C) mant-ADP binding to Walker A (K37AUvrA2, K643AUvrA2) and B (E512AUvrA2, E854AUvrA2)
mutants of the proximal and distal sites were measured as described for wild-type UvrA2 in Figure A1.2
(final: 0.1 μM UvrA2 and 2.5–10 μM mant-nucleotide; 10 μM trace shown; Supplementary Figure A1.S2).
All mutants yielded binding rate constants similar to wild-type, except for K643AUvrA2, which did not bind
either nucleotide (Table A1.1). (D) mant-ADP dissociation was measured as for wild-type in Figure A1.2
(final: 0.1 μM UvrA2, 10 μM mant-ADP and 2 mM ADP). All mutants had similar dissociation rates as wildtype, except for K643AUvrA2, which did not bind mant-ADP (Table A1.1).
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A1.4.2. Structural analysis of asymmetric nucleotide binding by UvrA2
To gain additional insights into the finding that nucleotides are held more tightly by the distal
ATPase sites than proximal sites, we interrogated atomic models of several UvrA 2 orthologs for
underlying sources of the differential affinity. These included a newly determined high resolution 2.0 Å
crystal structure of UvrA2 from T. maritima (Supplementary Figure A1.S3A, Supplementary Table A1.S1;
PDB code: 6N9L) as well as published structures of G. stearothermophilus, T. maritima, Deinococcus
radiodurans and Mycobacterium tuberculosis UvrA2 (Jaciuk et al., 2011; Pakotiprapha et al., 2008, 2012;
Rossi et al., 2011; Timmins et al., 2009) (discussion of the new T. maritima UvrA2 structure is restricted to
aspects relevant to this kinetic study; the reader is referred to the cited reports for detailed structural
descriptions of UvrA2). Our analysis examined the number and types of interactions between the ATPase
sites and the bound nucleotides, which was simplified by the high degree of sequence and structural
conservation in both proximal and distal sites in these orthologs. Indeed, the eight ATPase sites in
question could be easily superimposed using the Walker A sequence (Supplementary Table A1.S2),
highlighting the overall similarity in these domains among currently available structures. The largest
deviation in the superpositions was found in the ABC signature and the Q-loop motifs.
Detailed examination of the complete set of contacts between UvrA2 and nucleotide at all the
sites revealed 21 polar and 28 hydrophobic contacts per site, on average (both proximal and distal sites
make 21 polar contacts, and 29 and 27 hydrophobic contacts, respectively). These contacts are highly
conserved between the two types of sites and between orthologs, with one notable exception. The
proximal site has a glutamine residue that precedes the ABC signature motif by five residues (Q821, G.
stearothermophilus residue numbering; Figure A1.4A). In contrast, the distal ATPase site of every UvrA2
ortholog features an arginine in the equivalent position, which is involved in a pi–cation interaction with
the aromatic base of adenine (R480; Figure A1.4B). While both residues stack on the adenine base, the
more extensive interaction and pi–cation stacking by R480 implicate this residue in the higher affinity of
distal sites for nucleotides. Both R480 and Q821 are absolutely conserved in a large primary sequence
alignment of UvrA proteins (Figure A1.4 insets), and are located at the end of a region previously noted
as the ‘structurally diverse region’ (SDR) in ABC importers (Schmitt et al., 2003; Zaitseva et al., 2006).
To determine if our findings about the potential roles of the arginine and glutamine residues in

220

Figure A1.4: UvrA structures showing interactions of ADP with R480 and Q821 (G.
stearothermophilus residue numbers). (A) Representation of the T. maritima proximal ATPase site
showing K37, E512 and ADP, as well as Q821 highlighted in solid red among transparent Q821 residues
from all other proximal ADP-bound UvrA structures (PDB ID: 2R6F, 2VF7 and 2VF8). (B) T. maritima
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distal ATPase site showing K643, E854 and ADP (ADP from 2R6F is also shown, demonstrating a ring
flip observed in this site in some UvrA structures). T. maritima R480 is highlighted in solid red among
transparent R480 residues from all other distal ADP-bound UvrA structures (PDB ID: 2R6F, 3UX8, 2VF7
and 2VF8) (Pakotiprapha et al., 2008, 2012; Timmins et al., 2009). The insets show sequence alignment
of several UvrAs and ABC transporters. R480 and Q821 are highlighted in blue and the signature domain
is shown in maroon. UvrAs: Gst – G. stearothermophilus, Tma – T. maritima, Dra – D. radiodurans, Hpy –
H. pylori, Has – H. salinarum, Mtu – M. tuberculosis, Cmi – C. michiganensis, Eco – E. coli, Ngo – N.
gonorrhoeae, Tth – T. thermophilus, Atu – A. tumefaciens; Transporters: Lb1/2 – (EcfA-A′) L. brevis chain
A and chain C, EcB – (BtuD) E. coli; DNA damage repair protein: Pfu – (Rad50) P. furiosus.

UvrA generalize to the larger ABC family of ATPases, we interrogated the Protein Data Bank using the
ScanProsite (ExPASy) tool and search patterns that include these residues in the SDR regions of UvrA:
R-X(4)-L-S-G(2)-X and Q-X(4)-L-S-G(2)-X. The search revealed 13 entries containing both patterns, all of
which were ABC ATPases. Three of these entries corresponded to a heterodimeric ABC ATPase, the
ABCE1 RNase L inhibitor (PDB codes: 3J16, 4CRM and 5LL6), and the remaining 10 were other UvrA
proteins. Separate searches with one or the other pattern revealed that the energy-coupling factor ABC
ATPase importer retained an arginine in a similar position to R480 at one nucleotide binding site and an
alanine in a similar position to Q821 at the second site (PDB codes: 4HLU and 4ZIR) (Karpowich et al.,
2015; Karpowich & Wang, 2013). It would be interesting to determine whether this difference confers
asymmetry in nucleotide binding (and catalytic activity, as shown below) to other dimeric ABC ATPases,
as observed with UvrA2.

A1.4.3. Asymmetric and linked ATPase activities of the proximal (slow) and distal (rapid burst)
sites on UvrA2
The discovery of differential nucleotide binding by the proximal and distal sites raised the
question whether these sites also hydrolyze ATP differentially. If true, this possibility has profound
implications for understanding how UvrA2 utilizes the ATPase reaction to drive NER. We addressed this
question by analyzing UvrA2-catalyzed ATP hydrolysis and phosphate (Pi) release under pre-steady state
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conditions, which can reveal the stoichiometry of ATP hydrolysis and rate-limiting steps in the
mechanism. We used an assay developed by the Webb group in which rapid (108 M−1 s−1) and high
affinity (KD = 0.1 μM) binding of Pi by phosphate-binding protein (PBP) labeled with 7-diethylamino-3((((2-maleimidyl)ethyl)amino)carbonyl) coumarin (MDCC) leads to a large increase in MDCC fluorescence
(Brune et al., 1998). Due to these properties, MDCCPBP reports any free Pi in solution effectively at the rate
at which it is released upon ATP hydrolysis by UvrA 2, thus enabling transient kinetic measurements.
The reaction was initiated by mixing UvrA2 and MDCCPBP with ATP in a stopped-flow apparatus
and Pi formation was monitored over time (Figure A1.5A). The kinetic trace for 2 μM UvrA2 mixed with 1
mM ATP shows a slight lag phase and then a burst of Pi followed by a linear phase. The lag indicates at
least two steps in the reaction leading to fast ATP hydrolysis and Pi release (which can be described by a
double exponential function), and then a slow step limits steady state turnover (which can be described
by a linear function) (K. A. Johnson, 1992). Fitting the trace to a double exponential + linear function
yields a rate of 2.4 s−1 for the burst, and the linear slope yields a kcat of 0.2 s−1 (slope/4 sites × [UvrA2]);
the same kcat was obtained from steady state malachite green-based ATPase experiments (data not
shown) (Itaya & Ui, 1966). The burst amplitude is 3.4 μM, which represents the amount of ATP
hydrolyzed rapidly by 2 μM UvrA2 in the first turnover. The lag of ∼100 ms preceding the burst indicates
that a slow step(s) occurs before/at ATP hydrolysis as well and is followed by Pi release. This experiment
was repeated at varying concentrations of UvrA2 and constant ATP (1 mM) to accurately determine the
stoichiometry of ATP hydrolysis from the burst amplitude of the first turnover (Supplementary Figure
A1.S4B). In addition, complementary experiments were performed at constant UvrA2 (2 μM) and
increasing ATP concentrations to determine how the different nucleotide binding affinities of proximal
(weak) and distal (tight) sites impact ATPase activity. As shown in Figure A1.5B, the burst of Pi release
increases with ATP concentration, approaching half-maximum at ∼350 μM and maximum at >1.5 mM.
The need for such high ATP concentrations implies that the low affinity proximal sites play an important
role in the ATPase activity of UvrA2. The data from all these experiments were analyzed by global fitting
to a model ATPase mechanism, as shown in Scheme A1.1 and explained below.

223

Figure A1.5: Two sites on UvrA2 catalyze a burst of ATP hydrolysis and phosphate (Pi) release.
Pre-steady state kinetics of Pi release were measured by mixing UvrA2 and MDCCPBP reporter with ATP at
(A) increasing UvrA2 (final: 0.125–2 μM UvrA2, 1 mM ATP and 15 μM MDCCPBP; 2 μM UvrA2 trace shown;
Supplementary Figure A1.S4) or (B) increasing ATP (final: 2 μM UvrA2, 10 μM to 2 mM ATP and 15 μM
MDCCPBP).

After a slight lag, Pi is released rapidly in a burst phase followed by a slow linear phase that

yields kcat = 0.2 ± 0.03 s−1 (slope/4 × [UvrA2]; Table A1.1). Simultaneous fitting of data at all UvrA2 and
ATP concentrations to a minimal ATPase mechanism (Scheme A1.1) yields k3 = 2.45 ± 0.04 s−1 that limits
the burst rate, and a maximum burst amplitude n = 1.9 ± 0.03 ATP molecules hydrolyzed rapidly per
UvrA2 per turnover (Table A1.2); gray dashed lines show the fit.

A1.4.4. A minimal kinetic model for UvrA2 ATPase activity
The goal was to develop a kinetic mechanism with the minimal number of steps and parameters
required to simultaneously fit all the ATPase data described above. The measured nucleotide binding
(Figures A1.2 and A1.3) and ATPase rates (Figure A1.5 and Supplementary Figure A1.S4B) were used
as initial estimates and allowed to float during data fitting, as was the number of ATPase sites catalyzing
the burst of hydrolysis. The raw data, together with details of model development and data fitting by
KinTek Explorer, are available as Supplementary Data at NAR Online (K. A. Johnson, 2009; K. A.
Johnson et al., 2009b, 2009a). The best fit model is shown in Scheme A1.1A, and the corresponding rate
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constants are shown in Table A1.2 and Scheme A1.1B, which also includes findings from experiments
with UvrA2 mutants described below. The fits are shown as dashed lines overlaid on the corresponding
experimental data in Figure A1.5A, A1.5B and Supplementary Figure A1.S4B. The reaction begins with
ATP binding rapidly to the two high affinity distal sites (step 1; KD1 = 1 μM; UvrA2•ATP2D) and two low
affinity proximal sites (step 2; KD2 = 350 μM; UvrA2•ATP2D-2P). ATP binding is followed by a slow step that
has been designated as ATP hydrolysis (step 3; k3 = 2.5 s−1), and then another step designated as Pi
release (step 4; k4 = 20 s−1). The final step in the reaction, which limits the steady state turnover rate, is
designated as ADP release (step 5; k5a = 0.5 s−1 or k5b = 0.2 s−1 depending on the number of active sites
per turnover, as explained further below).

Scheme A1.1: A minimal kinetic model of the UvrA2 ATPase mechanism. (1A) All ATPase kinetic
data obtained for wild-type UvrA2 were fit to this model, with rate and affinity constants measured in mantnucleotide binding/release and ATP hydrolysis/Pi release experiments serving as initial estimates for
global fitting by KinTek Explorer (Supplementary Data). The best fit rate constants and stoichiometry are
listed in Table A1.2 and shown in bold in (1B), which also includes ATPase site specific information from
mutant analysis. The reaction starts with (1) rapid ATP binding by the high affinity distal sites (ATP 2D), and
then (2) the low affinity proximal sites (ATP2D-2P). A subsequent slow step (3) that we speculate is
associated with ATP hydrolysis by the distal sites (ADP2D, Pi2D) is followed by (4) fast Pi release. Finally, a
slow step involving (5a) ADP release from distal sites, or additionally (5b) ATP hydrolysis and product
release by proximal sites, limits the catalytic turnover rate (kcat).
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Table A1.2: Best fit parameters for the UvrA2 ATPase mechanism.
aParameters
bStandard
cUpper

in bold were linked during global fitting and confidence contour analysis.

errors are shown for parameters allowed to float during data fitting.

and lower limits for parameters from confidence contour analysis are in parentheses.
Parameters

Best-fit values

Event

𝒂𝒌𝟏

3 ± 0.0003 𝑥 104 𝑀−1 𝑠 −1𝑐

ATP binding (distal sites)

𝒌−𝟏

0.03 𝑠 −1

ATP dissociation

𝑲𝑫𝟏

1 µM

𝑲𝑫𝟐

350 µM

ATP binding (proximal sites)

𝒌𝟑

2.45 ± 0.04 𝑠 −1 (2.2 − 2.9)

ATP hydrolysis

𝒌𝟓𝒂

0.44 ± 0.0009 𝑠 −1 (0.38-0.52)

ADP release (two active
sites/turnover)
𝒏

1.9 ± 0.03

Burst ATPase sites

These are the minimal number of steps required to simultaneously fit all the ATPase data
described above and obtain well constrained parameters for each step (error analysis by FitSpace
Explorer is described in Supplementary Data, and the resulting limits on rate constants are shown in
Table A1.2 and Supplementary Figure A1.S4C) (K. A. Johnson et al., 2009a). The model mechanism
shows that: (i) the burst rate is determined by at least two steps, which we propose are associated with
ATP hydrolysis at 2.5 s−1 and subsequent Pi release at 20 s−1 (note that these two rates likely reflect slow
protein conformational dynamics that enable relatively fast ATP hydrolysis and Pi release events); (ii) the
best fit burst amplitude (n) of two ATP molecules per UvrA2 (Supplementary Figure A1.S4B) confirms that
only two of the four ATPase sites catalyze fast ATP hydrolysis and Pi release. Important questions that
remain unresolved are: which two sites on UvrA2, proximal or distal, have burst activity, and what is the
slow step that limits steady state turnover. These are addressed in the following sections.
The high ATP concentration required for a maximal burst either implicates the low affinity
proximal sites in rapid ATP hydrolysis or implies that ATP binding to these sites is required for rapid ATP
hydrolysis by the distal sites. These two possibilities were investigated by analyzing the UvrA 2 ATPase
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mutants. The Walker A mutant K37AUvrA2, in which ATP binding to proximal sites is disrupted while distal
sites are intact, shows no burst and suffers near complete loss of activity (Figure A1.6A), consistent with
an important role for the proximal sites in rapid ATP hydrolysis by UvrA2. However, the Walker B mutant
E512AUvrA ,
2

in which proximal ATP binding remains intact but hydrolysis is disrupted, exhibits a burst of

ATP hydrolysis and Pi release by the wild-type distal sites followed by linear steady state (kcat = 0.3 s−1;
linear slope/2 sites × [E512AUvrA2]), similar to wild-type UvrA2 (Figure A1.6A, Table A1.1). The data fit to
the same mechanism in Scheme A1.1 yield k3 = 2 s−1, k4 = 42 s−1, k5a = 0.6 s−1 and n = 1.3 Pi/E512AUvrA2,
which differ at most 2-fold from wild-type parameters (Table A1.2). The corresponding distal site Walker A
mutant K643AUvrA2, in which distal ATP binding is disrupted while proximal sites are intact, shows no burst
and has very low ATPase activity (Figure A1.6B). Moreover, the Walker B mutant E854AUvrA2, in which
distal ATP binding remains intact but hydrolysis is disrupted, exhibits a lag and no burst activity by the
wild-type proximal sites. A faster kcat = 0.6 s−1 (linear slope/2 sites × [E512AUvrA2]) suggests that the
proximal ATPase is stimulated slightly when distal sites are ATP-bound (note: the proximal ATPase is
inhibited when distal sites are ADP-bound; Supplementary Figure A1.S5). Together these results confirm
that the distal sites are responsible for the initial burst of ATP hydrolysis, and that ATP binding to the
proximal sites is required for this activity. This finding was incorporated into Scheme A1.1B at step 3
(UvrA2•ATP2P•ADP2D•Pi2D). Scheme A1.1B also depicts the possibility that (i) only the two distal sites
hydrolyze ATP per catalytic turnover or (ii) that the two proximal sites also hydrolyze ATP, except at a
slow, turnover-limiting rate after burst hydrolysis by the distal sites (total four active sites per turnover). In
best fit model, k5a limits the steady state rate to 0.5 s−1 in case of two active sites, and k5b limits it to 0.2
s−1 in case of four active sites (note that the measured kcat of 0.2 s−1 for wild-type UvrA2 assumes four
active sites per turnover; Table A1.1). Finally, the results also demonstrate that the proximal and distal
sites are allosterically linked, since information about the nucleotide occupancy and ATPase activity of
one site is communicated to the other site and influences its activity.
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Figure A1.6: ATP binding to the proximal sites permits rapid ATP hydrolysis and Pi release by the
distal sites. Pre-steady state Pi release kinetics were measured for UvrA2 proximal and distal site Walker
A and B mutants as described for wild-type in Figure A1.5 (final: 2 μM UvrA2, 2 mM ATP and 15 μM
MDCCPBP);
K37AUvrA
2

wild-type data and fit from Figure A1.5B are shown for comparison. (A) Proximal site mutants:

has no burst and very low activity while E512AUvrA2 shows a burst of Pi release followed by a

slow linear phase at kcat = 0.3 s−1 (slope/2 × [E512AUvrA2]); gray dashed line shows the fit to Scheme A1.1
(k3 = 2 ± 0.03 s−1, k4 = 42 ± 3 s−1, k5 = 0.6 ± 0.01 s−1, n = 1.3 ± 0.05 Pi/E512AUvrA2). (B) Distal site mutants:
K643AUvrA
2

has no burst and very low activity while E854AUvrA2 shows a lag followed by a fast linear phase

at kcat = 0.6 s−1 (slope/2 × [E854AUvrA2]). The double Walker A mutant K37A-K643AUvrA2 has almost no
detectable activity (gray trace).

A1.4.5. Differential effects of native and lesion DNA on the proximal and distal site ATPase
mechanisms
A key question driving this study is how UvrA2 integrates its ATPase and DNA-binding activities to
initiate NER. To address this question, we measured the ATPase kinetics of UvrA2 bound to two types of
DNAs: a 50 bp undamaged (native) duplex and one with an identical sequence plus a centrally located
fluorescein adduct (a fluorescein lesion is a good model substrate for bacterial NER)
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(Minko et al., 2005; Truglio et al., 2005; Wirth et al., 2016). Our measurements revealed that UvrA2 binds
fluorescein lesion-containing DNA ∼4-fold tighter than native DNA (KD = 12 nM versus 45 nM;
Supplementary Figure A1.S6), which is in line with earlier reports (Byungchan Ahn & Grossman, 1996;
Bertrand-Burggraf et al., 1991; Croteau et al., 2008; Gu et al., 2006; Rossi et al., 2011; a Snowden &
Van Houten, 1991; Yang et al., 2005). Neither type of DNA appears to affect the nucleotide binding
kinetics (Supplementary Figure A1.S7; Table A1.1). However, both DNAs stimulate the steady state
ATPase rate (linear phase in Figure A1.7A, Table A1.1) with kcat = 0.8 s−1 and 1.4 s−1 for the native and
the lesion DNA, respectively, compared with 0.2 s−1 for UvrA2 alone, indicating significant changes in the
reaction mechanism (the same kcat values were obtained from malachite green-based steady state
experiments) (Itaya & Ui, 1966); note: to avoid saturation of the

MDCCPBP

reporter due to this high ATPase

rate, pre-steady state measurements were performed at a lower UvrA2 concentration (0.25 μM) than in
the absence of DNA (2 μM; Figure A1.5). In the presence of native DNA, UvrA2 again shows a short lag, a
burst of ATP hydrolysis and Pi release, and then a linear steady state phase; however, the burst
amplitude is higher than for protein alone (Figure A1.7A). The data were fit to the mechanism shown in
Scheme A1.1, and in this case allowing the number of ATPase sites to float during fitting yields a burst
amplitude of ∼5 ATP hydrolyzed per UvrA2 (k3 = 2.4 s−1, k4 = 30 s−1, k5 = 1 s−1, n = 5.4 ± 0.3 Pi/UvrA2).
We interpret this result to mean that all four sites in the UvrA2–native DNA complex hydrolyze ATP rapidly
(versus only the two distal sites in UvrA2 alone); the overestimate of five sites instead of four may arise
from fitting error given the relatively small difference between the burst and linear rates. Also, while the
step following Pi release is accelerated by native DNA (step 5), it remains slow enough to limit turnover.
Figure A1.7A also shows that in the presence of fluorescein lesion DNA, UvrA2 ATPase kinetics change
again, showing no burst activity, just a fast linear phase following a short lag. This result means that in the
UvrA2–lesion complex, the slow step after ATP hydrolysis and Pi release has been accelerated and does
not limit the turnover rate; instead, a step before or at ATP hydrolysis has become rate limiting.
Additional information on these rate-limiting step(s) is needed in order to understand what
changes are induced by DNA in the UvrA2 ATPase mechanism. In many ATPases, catalytic turnover is
associated with and limited by ADP release, and we hypothesized this might be the case for UvrA 2 as well
(also note that ADP co-purifies with UvrA2 and multiple ADP-bound UvrA2 structures have been solved,
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Figure A1.7: Native duplex DNA stimulates ATP hydrolysis by all four sites and subsequent ADP
release limits turnover; fluorescein lesion DNA stimulates ADP release such that ATP hydrolysis
or Pi release limits turnover. (A) Pre-steady state Pi release kinetics were measured by mixing UvrA2,
DNA and MDCCPBP with ATP (final: 0.25 μM UvrA2, +/- 1 μM DNA, 1 mM ATP and 15 μM

MDCCPBP).

Without DNA, UvrA2 exhibits a burst of two Pi per dimer as in Figure A1.5. With native DNA, UvrA2
exhibits a higher burst amplitude, indicating rapid ATP hydrolysis by all four sites, followed by a linear
phase at kcat = 0.8 s−1 (slope/4 × [UvrA2]). Data at various UvrA2 concentrations in the presence of native
DNA fit to Scheme A1.1 yield k3 = 2.4 ± 0.1 s−1, k4 = 30 ± 4 s−1, k5 = 1 ± 0.03 s−1, n = 5.4 ± 0.3 Pi/UvrA2;
gray dashed line shows the fit. In contrast, lesion DNA stimulates UvrA2 ATPase activity but there is no
burst, only a linear phase at kcat = 1.4 s−1 (slope/4 × [UvrA2]). (B and C) Mant-ADP dissociation was
measured by pre-incubating the nucleotide, UvrA2 and DNA, and mixing with excess unlabeled ADP or
ATP chase (final: 0.1 μM UvrA2, 0.2 μM DNA, 10 μM mant-ADP and 2 mM ADP or ATP). The decrease in
fluorescence over time was fit to a single exponential to determine koff. With ADP chase (B), native or
lesion DNA has no significant effect on slow mant-ADP release from UvrA2 at koff = 0.03–0.04 s−1. With
ATP chase (C), however, mant-ADP is released >70-fold faster at koff = 2.3 ± 0.1 s−1, and the rate is
further accelerated by ∼4-fold to 9 s−1 and ∼6-fold to 13 s−1 with native and lesion DNA, respectively.
These rate increases correlate with the DNA-induced increases in kcat (A and Table A1.1).

indicating high affinity). We expected ADP release rates to increase by about 4- and 7-fold in the
presence of native and lesion DNA, respectively, corresponding to the increases in ATPase turnover rate

230

noted above (kcat = 0.2 s−1, 0.8 s−1 and 1.4 s−1 for UvrA2 alone, and with the native and lesion DNAs,
respectively; Figure A1.7A, Table A1.1). However, as shown in Figure A1.7B, the rate of mant-ADP
dissociation from distal sites on DNA-bound UvrA2 remains unchanged at 0.03 s−1, as observed in the
absence of DNA (Figure A1.2C). Note that in these experiments we used excess unlabeled ADP as a
passive chase to prevent mant-ADP rebinding to UvrA2 after dissociation. But, since the proximal and
distal sites exhibit asymmetric nucleotide occupancy and allosteric communication, we also tested ATP as
chase, wondering if ATP binding by the proximal sites might affect the mant-ADP bound at distal sites.
Indeed, when excess unlabeled ATP is added to the UvrA2–mant-ADP complex in the absence of DNA,
we observe ∼70-fold faster release of mant-ADP at 2 s−1 (Figure A1.7C). The presence of native and
lesion DNA further stimulates mant-ADP release by 4- and 6-fold to 9 and 13 s−1, respectively (Figure A1.
7C). While the absolute release rates of the mant-ADP analog are faster than the ATPase kcat values
(Table A1.1), the match between the relative increases in both rates induced by DNA strongly indicates
that native and lesion DNA binding to UvrA2 alters the rate of ADP release following ATP hydrolysis and
Pi release.
To summarize the results thus far with wild-type UvrA2: (i) ATP-bound proximal sites trigger ADP
release from distal sites; (ii) in the absence of DNA, ADP release limits catalytic turnover following ATP
hydrolysis by distal sites; (iii) when UvrA2 binds native DNA, ADP release from distal sites is accelerated
following hydrolysis by all four sites, but is still slow enough to limit the turnover rate and finally, (iv) when
UvrA2 binds a lesion, further acceleration of ADP release means an earlier step in the reaction (prior to/at
ATP hydrolysis) becomes rate limiting instead of ADP release. In order to examine these findings in more
detail and determine the effects of DNA on each ATPase site, we also analyzed the Walker A and B
mutants in the presence of DNA as described below.
Figure A1.8A shows results from pre-steady state ATPase experiments with wild-type and mutant
UvrA2 in the presence of native DNA. The Walker A mutant K37AUvrA2, in which proximal ATP binding is
disrupted while distal sites are intact, suffers near complete loss of activity, as seen in the absence of
DNA (Figure A1.6A). The Walker B mutant E512AUvrA2, in which proximal ATP binding is preserved but
hydrolysis is disrupted, exhibits a burst of ATP hydrolysis and Pi release by the wild-type distal sites,
followed by the linear steady state (kcat = 0.6 s−1), again as seen in the absence of DNA (Figure A1.6A).
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These results show that in the UvrA2–native DNA complex, ATP binding to the weak proximal sites
remains necessary for ATP hydrolysis by the distal sites, and that native DNA does not fundamentally
alter the distal site ATPase mechanism, except to speed up the kcat to some extent (likely by accelerating
ADP release; Figure A1.9). The corresponding distal site mutants,

K643AUvrA
2

and E854AUvrA2, in which

proximal sites are intact, do not exhibit any burst activity with native DNA, just as in the absence of DNA
but, notably, the Walker A mutant K643AUvrA2, in which distal ATP binding is disrupted, has a >10-fold
faster ATPase rate (1.4 s−1 with DNA versus 0.1 s−1 without DNA; Figures A1.8A and A1.6B,
respectively). This result shows that native DNA stimulates ATP hydrolysis and ADP release by the
proximal sites on UvrA2 (when the distal sites are empty).
Next, Figure A1.8B shows results from experiments in the presence of fluorescein lesioncontaining DNA. Again, the proximal site Walker A mutant

K37AUvrA
2

shows near complete loss of activity,

affirming that ATP binding to proximal sites is important for ATP hydrolysis by distal sites in the UvrA 2–
lesion DNA complex as well. The proximal site Walker B mutant

E512AUvrA
2

exhibits a fast ATPase rate

similar to wild-type UvrA2 (kcat = 2 s−1), indicating that lesion DNA stimulates ADP release from distal sites
and step(s) prior to ATP hydrolysis and Pi release become rate-limiting for catalytic turnover. In contrast,
both distal site Walker A and B mutants, K643AUvrA2 and E854AUvrA2, which have intact proximal sites,
exhibit low ATPase rates (kcat = 0.3 s−1), indicating that unlike native DNA, a lesion suppresses proximal
site ATPase activity.
Complementary experiments measuring mant-ADP release from UvrA2 in the presence of DNA
confirm that ATP binding by proximal sites triggers ADP release from distal sites, and both native and
lesion DNA further accelerate ADP release (Figure A1.9). Specifically, the data show that K37AUvrA2
exhibits the slow, basal rate of mant-ADP release from the intact distal sites under all conditions, since
the mutant proximal sites cannot bind ATP; DNA-bound E512AUvrA2 exhibits faster mant-ADP release from
the intact distal sites, since the mutant proximal sites can bind ATP; K643AUvrA2 doesn’t show any change
in signal, since the mutant distal sites cannot bind mant-ADP and the intact proximal sites do not bind
mant-ADP stably at low concentrations; and finally, DNA-bound E854AUvrA2 exhibits faster mant-ADP
release from the mutant distal sites, since the intact proximal sites can bind ATP. The results from all the
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nucleotide binding and ATPase experiments with wild-type and mutant UvrA2 are summarized and
interpreted in the context of available structural and biochemical data in the next section.

Figure A1.8: Native and fluorescein lesion DNAs have different effects on proximal and distal site
ATPase mechanisms. Pre-steady state Pi release kinetics were measured for DNA-bound UvrA2 Walker
A and B mutants as described for wild-type in Figure A1.7 (final: 0.25 μM UvrA2, 1 μM DNA, 1 mM ATP
and 15 μM MDCCPBP). (A) With the native duplex, K37AUvrA2 shows no burst and has little activity, while
E512AUvrA
2

exhibits a burst of ATP hydrolysis and Pi release followed by a slow linear phase at kcat = 0.6

s−1 (slope/2 × [E512AUvrA2]), as in the absence of DNA (Figure A1.6A, green trace). K643AUvrA2 and
E854AUvrA
2

do not exhibit burst activity, and the linear rates differ than in the absence of DNA at kcat = 1.4

s−1 and 0.3 s−1, respectively. (B) With lesion DNA, K37AUvrA2 shows no burst and has little activity, while
E512AUvrA
2

exhibits a slight burst and faster kcat = 2 s−1 (slope/2 × [E512AUvrA2]). Both K643AUvrA2 and

E854AUvrA
2

show no burst and have low activity at kcat = 0.3 s−1. The double Walker A mutant K37A-

K643AUvrA
2

has little detectable activity (gray trace).
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Figure A1.9: DNA stimulates ADP release from the distal site, only on ATP binding to the proximal
site. Mant-ADP dissociation with ATP chase was measured for UvrA2 proximal and distal site Walker A
and B mutants as described for wild-type in Figure A1.7C (final: 0.1 μM UvrA2, 0.2 μM DNA, 10 μM mantADP and 2 mM ATP). (A) K37AUvrA2 exhibits slow mant-ADP release with or without DNA as it cannot bind
the ATP needed to stimulate ADP release from distal sites. (B) K643AUvrA2 exhibits no signal since
proximal sites do not bind mant-ADP at the low concentration tested (Figure A1.3). (C) E512AUvrA2 and (D)
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E854AUvrA
2

exhibit proximal site ATP and DNA binding-induced stimulation of mant-ADP release from

distal sites as observed with wild-type UvrA2 (Figure A1.7C).
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A1.5.

Discussion
The critical question of how UvrA2 ATPase activity is mechanochemically coupled to the search

for lesions and initiation of DNA repair has been tackled previously (reviewed in(Kisker et al., 2013)).
However, UvrA2 presents a complex case as an ABC-type ATPase with two distinct active sites per
monomer, and the workings of the two pairs of sites on the dimer are not resolved. The goal of this study
was to determine, for the first time, the transient kinetics of ATP binding, hydrolysis and product release
catalyzed by each site in three physiological contexts—free of DNA, and bound to native or lesioncontaining DNA. Our results provide new information about the ATPase mechanism of each site, and how
the sites are influenced by each other and by DNA. Based on these findings, and information from prior
biochemical and structural studies, we propose a model of how each ATPase site contributes to UvrA2
function in NER (Figure A1.10).

A1.5.1. UvrA2 ATPase mechanism in the absence of DNA
We determined that the two distal sites on UvrA2 bind nucleotides tightly and hydrolyze ATP
rapidly, whereas the two proximal sites bind nucleotides weakly and hydrolyze ATP slowly. This striking
asymmetry is evident in the high affinity nucleotide binding and the exclusive burst of ATP hydrolysis and
Pi release by the distal sites in the absence of DNA; as described earlier, inspection of a high resolution
UvrA2 structure offers a molecular explanation for the differential activities of the two sites. We also found
evidence of allosteric communication between the sites, the most striking being that ATP binding by the
proximal sites is necessary for ATP hydrolysis, ADP release and catalytic turnover by the distal sites
(note: the reverse is not true, but nucleotide occupancy at distal sites does alter proximal site activity to
some extent as well). Interactions across the dimer linking Walker A and B sub-structures have been
proposed previously as a conduit for communication between proximal and distal sites (Pakotiprapha et
al., 2008). Figure A1.10A shows the ATPase mechanism for apo UvrA2, wherein high affinity distal sites
remain ATP-bound until ATP binding to the >300-fold lower affinity proximal sites (A2) triggers fast
hydrolysis and Pi release (A3) followed by slower ADP release (A4), which limits catalytic turnover (this
step also requires ATP-bound proximal sites). Meanwhile proximal sites hydrolyze ATP at a slower rate
and release both products rapidly (A5, A6). It is unclear if UvrA2 has an obligate sequential ATPase
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Figure A1.10: A summary of the differential effects of DNA on the UvrA 2 ATPase mechanism. (A)
Absent DNA, all ATPase sites on UvrA2, distal (D, tight binding = dark color) and proximal (P, weak
binding = light color), binds ATP and only distal sites hydrolyze ATP and release phosphate rapidly. Rate
limiting proximal ATP-induced ADP release from distal sites leads to accumulation of a P2ATP-D2ADP
species in steady state (A3). The proximal sites also hydrolyze ATP, but at a relatively slow rate
especially when distal sites are empty, and perhaps not in every turnover. (B) When UvrA2 is bound to
native DNA, both distal and proximal sites hydrolyze ATP and release Pi rapidly, resulting in a distinct,
fully ADP-bound species, P2ADP-D2ADP (B3); weak proximal affinity for ADP can lead to Pempty-D2ADP (B4);
ADP release from distal sites remains rate limiting. (C) When UvrA2 is bound to a lesion, distal sites
hydrolyze ATP and release both Pi and ADP rapidly; however, ATP hydrolysis by proximal sites is
suppressed, thus these sites remain ATP-bound in the reaction through P2ATP-D2ATP, P2ATP-D2ADP, P2ATP-
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Dempty species (C2-C4), with P2ATP-D2ATP (C2) having the longest lifetime. Drawing key is shown top right;
pink numbers highlight UvrA2 species that may affect differential interactions with DNA.

mechanism, i.e. if proximal sites must hydrolyze ATP after each turnover of the distal sites, or if they
hydrolyze ATP stochastically at a low frequency while the distal sites continue cycling (two pathways lead
back to A2 in Figure A1.10A). In either case, P2ATP-D2ADP (A3) accumulates in the reaction during steady
state. Note that the low nucleotide affinity proximal sites may empty often, resulting in transient P emptyD2ADP species, but at high ATP concentration the equilibrium should favor P 2ATP-D2ADP.

A1.5.2. UvrA2 ATPase mechanism in the absence of DNA
We determined that the two distal sites on UvrA2 bind nucleotides tightly and hydrolyze ATP
rapidly, whereas the two proximal sites bind nucleotides weakly and hydrolyze ATP slowly. This striking
asymmetry is evident in the high affinity nucleotide binding and the exclusive burst of ATP hydrolysis and
Pi release by the distal sites in the absence of DNA; as described earlier, inspection of a high resolution
UvrA2 structure offers a molecular explanation for the differential activities of the two sites. We also found
evidence of allosteric communication between the sites, the most striking being that ATP binding by the
proximal sites is necessary for ATP hydrolysis, ADP release and catalytic turnover by the distal sites
(note: the reverse is not true, but nucleotide occupancy at distal sites does alter proximal site activity to
some extent as well). Interactions across the dimer linking Walker A and B sub-structures have been
proposed previously as a conduit for communication between proximal and distal sites (Pakotiprapha et
al., 2008). Figure A1.10A shows the ATPase mechanism for apo UvrA2, wherein high affinity distal sites
remain ATP-bound until ATP binding to the >300-fold lower affinity proximal sites (A2) triggers fast
hydrolysis and Pi release (A3) followed by slower ADP release (A4), which limits catalytic turnover (this
step also requires ATP-bound proximal sites). Meanwhile proximal sites hydrolyze ATP at a slower rate
and release both products rapidly (A5, A6). It is unclear if UvrA2 has an obligate sequential ATPase
mechanism, i.e. if proximal sites must hydrolyze ATP after each turnover of the distal sites, or if they
hydrolyze ATP stochastically at a low frequency while the distal sites continue cycling (two pathways lead
back to A2 in Figure A1.10A). In either case, P2ATP-D2ADP (A3) accumulates in the reaction during steady
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state. Note that the low nucleotide affinity proximal sites may empty often, resulting in transient PemptyD2ADP species, but at high ATP concentration the equilibrium should favor P 2ATP-D2ADP.
UvrA2 ATPase activity has been linked to significant changes in its conformation and dynamics,
as detailed below. UvrA2 structures from different organisms have been determined in nucleotide-free,
P2ADP-D2ADP or Pempty-D2ADP state, with most in open conformation (including the T. maritima UvrA2
structure reported here; Supplementary Figure A1.S3A) with a shallow and wide DNA binding surface
(Jaciuk et al., 2011; Pakotiprapha et al., 2008; Rossi et al., 2011; Timmins et al., 2009), and one structure
(in complex with UvrB) in closed conformation with a deep and narrow DNA binding surface
(Pakotiprapha et al., 2012). Open UvrA2 can accommodate both native and damaged DNA, whereas the
closed form appears to preclude binding of DNA distorted by damage (Pakotiprapha et al., 2012). One
important feature of ABC ATPase sites is the conserved signature domain (Figure A1.1B and A1.1C),
which changes conformation in concert with ATP binding, hydrolysis and product release, coupling these
events to changes in protein structure and interactions (Bertrand-Burggraf et al., 1991; Davidson & Chen,
2004; Locher, 2016; Rees, Johnson, & Lewinson, 2009; Wilkens, 2015). In UvrA2, the proximal site
signature domain II is notable as it presents cationic residues on the DNA-binding surface in both open
and closed UvrA2 forms, and contributes to the UvrA2–UvrB binding interface as well (Jaciuk et al., 2011;
Pakotiprapha et al., 2012). Nucleotide-bound/free UvrA2 structures reveal signature domain II in different
conformations, suggesting it could affect ATPase-driven changes in UvrA2 interactions with DNA and
UvrB. Such dynamism has not been reported for distal site signature domain I. A C-terminal zinc-binding
hairpin within the proximal site signature domain II also adopts different conformations and is implicated
in ATPase-modulated interactions of UvrA2 with damaged DNA (the UvrA2 structure reported here shows
the hairpin in a new, intermediate position; Supplementary Figure A1.S3B) (Croteau et al., 2006). These
movements depend more on distal site ATPase activity, illustrating an asymmetric allosteric effect of the
distal site reaction on proximal site structure(Kraithong et al., 2017). Prior studies also indicate that UvrA2
dimerizes more effectively in the presence of ATP than non-hydrolyzable ATPγS or ADP (Wagner et al.,
2009), and that an ATPase-active distal site favors dimerization while the proximal site may be empty
(Wagner et al., 2010). UvrA2 also binds more specifically to lesions in the presence of ATP than ATPγS,
ADP or no nucleotide (Wagner et al., 2010, 2009). All of these results indicate the need for a mixed
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ATP/ADP/nucleotide-free UvrA2 species to initiate NER, and provide functional validation for our finding
that the protein cycles through rapid ATP hydrolysis by the distal sites and produces a significant fraction
of mixed P2ATP-D2ADP (or Pempty-D2ADP) dimer in steady state, ready to interact with DNA and locate a lesion
either via 3D or combined 3D and localized 1D diffusion (Kad et al., 2010; Stracy et al., 2016).

A1.5.3. UvrA2 ATPase mechanism in the presence of native DNA
Interaction between UvrA2 and native DNA has an asymmetric allosteric effect on the ATPase
mechanism, with proximal sites undergoing significant change and distal sites less so. The proximal sites
still bind nucleotide weakly, but ATP hydrolysis is accelerated when distal sites can hydrolyze ATP or are
empty. Meanwhile, the distal sites still bind nucleotide tightly and require ATP binding by proximal sites
for rapid ATP hydrolysis and Pi release. DNA stimulates ADP release from distal sites resulting in faster
catalytic turnover, but this step remains rate-limiting. Thus, DNA-bound UvrA2 has the ATPase
mechanism outlined in Figure A1.10B, wherein the distal sites remain ATP-bound until proximal ATP
binding (B2) triggers fast hydrolysis and Pi release by all four sites (B3). The weak proximal sites release
ADP (B4), and subsequent ATP binding (B5) enables ADP release from distal sites (B6). This in turn
promotes ATP hydrolysis by proximal sites (B7) and fast ADP release to continue the reaction cycle.
Notably, due to DNA-induced changes in the mechanism, UvrA2 transitions more rapidly through the
ATPase reaction and through species less likely to form in the absence of DNA, such as P 2ADP-D2ADP (B3)
and Pempty-D2ADP (B4). Also, since distal ADP release is still rate-limiting, the P2ATP-D2ADP species (B5) can
accumulate in steady state as in the absence of DNA, except the turnover rate is faster.
UvrA2 structures determined in open form are in either nucleotide-free (Jaciuk et al., 2011; Rossi
et al., 2011), fully ADP-bound (Pakotiprapha et al., 2008; Timmins et al., 2009) or, in one case, in PemptyD2ADP state (Pakotiprapha et al., 2012), suggesting that ATP hydrolysis by one or both ATPase sites
favors this conformation (the fully ADP-bound structure reported here further supports this hypothesis;
Supplementary Figure A1.S3A). The closed form of UvrA2 has nucleotides in all four sites, but their
identity is not resolved (Pakotiprapha et al., 2012). As noted earlier, the structures indicate that open
UvrA2 can bind both native and damaged DNA, whereas the closed form cannot accommodate DNA
distorted by damage. It has been proposed that UvrA2 cycles repeatedly through open-closed forms to
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check the duplex for lesions as it cycles through the ATPase reaction (Pakotiprapha et al., 2012). Past
studies indicate that UvrA2 binds native DNA non-specifically in the absence or presence of ATP, ATPγS
or ADP, but ATPγS favors and ADP impairs the interaction (Thiagalingam & Grossman, 1991; Wagner et
al., 2010), and distal site ATPase activity in particular weakens it (Thiagalingam & Grossman, 1991).
Accordingly, we propose that changes in the ATPase mechanism on binding native DNA, i.e. ATP binding
followed by hydrolysis by all four sites and accelerated ADP release, allow UvrA 2 to transition faster
through ATP (closed)- and ADP (open)-bound forms that have higher and lower affinity for the duplex,
respectively, thereby enabling lesion search. Furthermore, the Pempty-D2ADP UvrA2 structure shows
outward rotation of signature II domain away from ATP binding domain I, which disrupts some critical
DNA contacts (Pakotiprapha et al., 2012). We speculate that native DNA-induced stimulation of proximal
ATP hydrolysis and ADP release promotes formation of this UvrA2 species, and the resulting transient
dissociation from DNA enables the 3D/localized 1D diffusion search mechanism proposed recently based
on single molecule imaging data (Stracy et al., 2016).

A1.5.4. UvrA2 ATPase mechanism in the presence of damaged DNA
Encounter with a lesion in DNA has a different allosteric effect on UvrA 2, with both sites
undergoing significant, distinct changes in their ATPase mechanism. ATP hydrolysis is suppressed at the
proximal sites, irrespective of nucleotide occupancy at distal sites. The distal sites still require proximal
ATP binding to catalyze ATP hydrolysis and Pi release, but ADP release is accelerated and no longer
limits the turnover rate. Thus, lesion-bound UvrA2 has the ATPase mechanism outlined in Figure A1.10C,
wherein the distal sites remain ATP-bound until proximal ATP binding (C2) triggers fast ATP hydrolysis as
well as Pi and ADP release by distal sites (C3, C4). The proximal sites are stabilized in an ATP-bound
state with low catalytic activity (C4, C5), while distal sites can continue to turnover. Moreover, since steps
prior to ATP hydrolysis and product release by the distal site are now rate limiting, distal nucleotide-free
or ATP-bound states have longer lifetime than ADP-bound states, which favors UvrA2 species such as
P2ATP-Dempty (C4) and P2ATP-D2ATP (C2), and high ATP concentration favors P2ATP-D2ATP.
After finding a lesion, UvrA2 must orchestrate its hand-off to UvrB for lesion verification. As noted
earlier, outward movement of signature II domain in the Pempty-D2ADP open UvrA2 form can disrupt
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interactions with DNA and UvrB, implying that ATP binding by proximal sites promotes these interactions
(Pakotiprapha et al., 2012). Consistent with this interpretation, the proximal Walker A mutant has low
affinity for UvrB and is defective in loading UvrB on the lesion, whereas the distal Walker A mutant is less
affected (Pakotiprapha et al., 2012; Wagner et al., 2010). We propose that changes in the UvrA2 ATPase
mechanism on lesion binding, i.e. stabilization of the ATP-bound proximal site and ongoing catalytic
turnover by the distal site allows UvrA2 to remain localized at the lesion and recruit UvrB (Thiagalingam &
Grossman, 1993). Subsequent ATP hydrolysis and ADP release by the proximal site would reset the
signature II domain, promoting UvrA2 dissociation and UvrB access to the lesion. The only crystal
structure of UvrA2 bound to DNA containing a pair of opposing fluorescein lesions is in open form (Jaciuk
et al., 2011), with all four ATPase sites empty and signature II domain in a distinct conformation
compared with P2ADP-D2ADP and Pempty-D2ADP structures (Pakotiprapha et al., 2012; Timmins et al., 2009).
Based on the ATPase mechanism of lesion-bound UvrA2 described here, this structure could reflect an
early state, before lesion specific interactions promote ATP-bound proximal sites and ATP hydrolysis by
the distal sites for recruiting UvrB. Alternately, the structure could reflect a late state after ATP hydrolysis
and ADP release, ready to dissociate from DNA and make room for UvrB at the lesion.

A1.5.5. A mechanochemical model of ATPase-driven UvrA2 actions during NER
The ATPase kinetic mechanism determined in this study offers a view of the mechanochemical
coupling in UvrA2 as it searches for damage lesions in DNA and initiates NER. As seen in other wellstudied ATPases, including ABC transporters (Linton, 2007), each step is closely linked to the next in
both the mechanical and chemical cycles. For UvrA2, we posit that ATP binding increases affinity for
DNA, and DNA binding in turn promotes UvrA2 closure around a native duplex, which triggers ATP
hydrolysis, followed by opening of ADP-bound/nucleotide-free UvrA2 with weakened contacts and lower
affinity for the duplex, until an ADP–ATP switch resets the cycle and the protein can continue scanning
DNA. Lesion binding would block UvrA2 closure, which in turn would alter the ATPase mechanism and
maintain UvrA2 in proximal ATP-bound form with higher affinity for DNA and UvrB, setting the stage for
UvrB entry. Presumably, a subsequent event would trigger ATP hydrolysis and ADP release, resulting in
lesion hand-off to UvrB and UvrA2 exit. While many of the transient events in this model have not been
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explicitly measured, the UvrA2 ATPase mechanism presented here will facilitate more specific
interpretation of structural and kinetic data on its interactions with DNA and UvrB, and related
conformational dynamics, to understand how this protein uses ATP to initiate NER.
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A1.6.

Supplementary data

A1.6.1. Supplementary methods
A1.6.1.1.

Analysis of nucleotide contaminants in purified G. stearothermophilus UvrA2

protein
Samples (100 μl) containing 250 nM UvrA2 were treated with 1 U proteinase K (6 hrs at 37 °C),
heat denatured and cooled to 25 °C, and then incubated with 5 U pyruvate kinase and 1 μM
phosphoenolpyruvate (Millipore Sigma) for 30 minutes at 37 °C to convert any ADP to ATP. The samples
were then mixed in a 1:1 ratio with 25-fold diluted detection buffer provided in the assay kit (Millipore
Sigma). The luminescence was measured on a scintillation counter immediately after addition of detection
buffer. The signal was converted to ATP concentration using a calibration curve generated under the
same conditions with an ADP solution.

A1.6.1.2.

DNA binding to G. stearothermophilus UvrA2 protein

Damaged DNA containing a mid-sequence fluorescein lesion or undamaged DNA labeled at the
5´ end with 6-FAM (7.5 nM) was titrated with UvrA2 (0 - 250 nM) in individual cuvettes, in buffer (20 mM
Tris-HCl, pH 7.4, 0.15 M NaCl, 5% glycerol, 5 mM MgCl2, 5 mM DTT) containing 2 mM ATP. After mixing
the reagents and equilibrating for 1 minute at 40 °C, the samples were excited with vertically polarized
light (λEX = 494 nm, λEM = 518 nm), and the change in fluorescence anisotropy was calculated from the
emitted vertical (IVV) and horizontal (IVH) polarized fluorescence intensities (IVV − GIVH/IVV + 2GIVH; G is the
grating correction factor). Average values from three independent experiments were plotted versus UvrA 2
concentration, and the binding isotherms were fit to a quadratic equation for 1:1 binding to determine the
dissociation constants (Croteau et al., 2008).

A1.6.1.3.

Global fitting of UvrA2 ATPase kinetic data by KinTek and FitSpace Explorer.

A minimal model was developed that best fit the data obtained from pre-steady state kinetic
analysis of UvrA2 ATPase activity. We used KinTek Explorer (K. A. Johnson, 2009; K. A. Johnson et al.,
2009b), which simultaneously fits multiple datasets based on numerical integration of rate equations
describing the model (K. A. Johnson, 1992). Pi release data from both the ATP (Figure A1.5) and UvrA2
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(Figure A1.S4B) titrations were fit to the same model. The derived kinetic parameters were analyzed
further by FitSpace Explorer (K. A. Johnson et al., 2009a) to determine if they were sufficiently
constrained by the data.
The model (Scheme A1.1a) begins with ATP binding to UvrA2 (step 1) at a bimolecular rate
constant estimated at 5 x 104 M-1 s-1 (k1) and dissociating at 0.05 s-1 (k-1), based on mantnucleotide
binding and dissociation kinetics (Figure A1.2). These rate constants were linked to maintain a tight KD1 of
1 μM and allowed to float during data fitting by KinTek Explorer (note: the entire range of measured KD1
estimates for the high affinity site, from 0.23 - 5 μM, was tested during fitting and yielded the same
results). Another ATP binding step was added (step 2), based on evidence that while two of the four sites
on UvrA2 bind ATP tightly (Figure A1.2), a high concentration of ATP is required for maximal burst
ATPase activity (Figure A1.5), indicating a distinct weak ATP binding event in the reaction (note: ATP
hydrolysis after the first binding step is negligible, as indicated by the 0.04 s -1 ATPase rate of K37AUvrA2
mutant compared to 2.4 s-1 for wild type UvrA2; Figure A1.6). For the second ATP binding step, KD2 (k-2/k2)
was estimated at 350 μM and linked to KD1 during data fitting (Figure A1.5). Minimally, two additional
steps were required before turnover for the model to fit the observed lag and burst phases in the data.
These were designated as ATP hydrolysis (step 3; k3) and Pi release (step 4; k4), and the rate constants
were allowed to float (note: an alternative model in which ATP hydrolysis and Pi release were
consolidated into one step did not fit the data as well, especially the lag phase). Both steps were
considered irreversible in the model since the reverse rates are unknown and expected to be very small.
After the burst of Pi release, a slow step in the reaction (step 5; k5) limits the steady state turnover rate.
This step was designated as ADP product release from UvrA2, based on observed correspondence
between DNA-induced changes in both mant-ADP dissociation and steady state ATPase rates (Figure
A1.7), and the rate constant was allowed to float. Inclusion of a reverse step in the model (k-5; rebinding of
ADP estimated at 1 x 105 M-1 s-1 from mant-ADP binding measurements) did not alter the results from
data fitting. Since the number of ATP molecules hydrolyzed rapidly within a single catalytic turnover was
unknown, a stoichiometric coefficient (n) was applied as scaling factor to the Pi concentration output and
allowed to float during data fitting.
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In addition to standard error analysis based on nonlinear regression, confidence contour analysis
was performed to assess whether the data are sufficient to define well constrained parameters in the
model, especially those lacking independent measurements at this time. FitSpace Explorer assesses the
extent to which each rate constant can vary while the others float in search of the best fit, and the extent
to which each pair of rate constants can co-vary and produce a good fit. The results are scored by the
minimal attainable χ2 value, and a 5% increase in χ2 was used as the boundary to set confidence limits for
each parameter. The best fit values for the unknown rate constants are listed in Scheme A1.1b and Table
A1.2, which also lists the standard errors from nonlinear regression, and the upper and lower limits from
confidence contour analysis.
Scheme A1.1b shows additional details, including identification of the tight/fast (distal) and
weak/slow (proximal) ATPase sites from analysis of UvrA2 Walker A and B mutants. It also shows two
options for step 5 in the best fit model: either rate-limiting ADP release from the two distal sites leads to
catalytic turnover without ATP hydrolysis by the proximal sites (step 5a; k5a), or rate-limiting ATP
hydrolysis by the proximal sites and product release from all four sites leads to catalytic turnover (step(s)
5b; net rate k5b). Thus, the steady state rate is limited by k5a = 0.5 s-1 if two ATPase sites per UvrA2 are
active per turnover, or by k5b = 0.2 s-1 if four ATPase sites per UvrA2 are active per turnover. Values of the
other rate constants remain the same in either case. Note that for analysis of

E512AUvrA

2

ATPase data,

step 5a is the only option since the two proximal sites are not catalytically active. Also, for native DNAbound UvrA2, step 5 represents ADP release after rapid ATP hydrolysis and Pi release by all four sites.

A1.6.1.4.

Preparation and crystallization of T. maritima UvrA2 protein

A1.6.1.4.1.

Cloning

The wild type T. maritima UvrA pET11a clone was a gift from Nora Goosen (Leiden University).
An N-terminal His-tag was added using the QuikChange XL Site-Directed Mutagenesis Kit (Agilent
Technologies) and the following primers: forward: 5´-GAA GGA GAT ATA CAT ATG CAT CAT CAC CAT
CAC CAC AAC GAA ATC GTG GTG AAA GG- 3´ and reverse: 5´-CCT TTC ACC ACG ATT TCG TTG
TGG TGA TGG TGA TGA TGC ATA TGT ATA TCT CCT TC-3´.
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A truncated construct of T. maritima UvrA was designed based on the previously studied G.
stearothermophilus UvrA Δ118-419 construct, in which the UvrB binding domain and part of the signature
I domain are removed (Pakotiprapha et al., 2012). The equivalent construct, T. maritima UvrA Δ117-399,
was determined by sequence comparison with G. stearothermophilus UvrA using Clustal Omega (Sievers
et al., 2011), and prepared using the QuikChange XL Site-Directed Mutagenesis Kit (Agilent
Technologies) and the following primers: forward: 5´-GCT CTA CGC GAG GAT AGG AAA AAA GAT AAA
CGG TTT GAA CAT ACA CG-3´ and reverse: 5´-CGT GTA TGT TCA AAC CGT TTA TCT TTT TTC CTA
TCC TCG CGT AGA GC-3´. All primers were purchased from Integrated DNA Technologies, Inc. and the
clones were sequenced by Genewiz, Inc.

A1.6.1.4.2.

Purification

T. maritima UvrA Δ117-399 (pET11a-NHis-UvrA) was expressed in E. coli Rosetta (DE3) pLysS
cells. Cells were grown in Super Broth (homemade) at 37 °C with O2 supplied at 0.5 L/minute to an OD600
of 3.94, and induced overnight at 16 °C with 1 mM IPTG. Cell pellets were resuspended (at 5 mL/g) and
lysed as described previously, except with 0.5 M NaCl added prior to sonication (Jaciuk et al., 2011). The
soluble fraction was incubated with Ni-NTA agarose beads (Qiagen) for 45 minutes, washed with buffer
(40 mM sodium phosphate, pH 7.5, 0.5 M NaCl and 5% glycerol) containing up to 40 mM imidazole and
eluted with 250 mM imidazole. Ammonium phosphate was added to the eluate to 1.5 M, followed by
chromatography on a Macro-Prep Methyl HIC column (Bio-Rad Laboratories Inc.). Protein was eluted with
an 8-column volume gradient of 1.5 M to 0 M ammonium sulfate in buffer (40 mM sodium phosphate, pH
7.5, 5% glycerol, 0.5 mM EDTA, 1 M NaCl and 1 mM DTT). Fractions containing UvrA Δ117-399 were
pooled, concentrated, and further purified by size-exclusion chromatography on a Superdex 200 column
(GE healthcare Life Sciences) in buffer (20 mM HEPES-NaOH, pH 7.0, 1 M NaCl, 5% glycerol, 50 mM
Arg, 50 mM Glu and 1 mM DTT). The protein was flash frozen in liquid nitrogen and stored at -80 °C.

A1.6.1.4.3.

Crystallization

Crystallization and analysis were performed using instrumentation available at the Structural
Biology Initiative at the Advanced Science Research Center (The Graduate Center: City University of New
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York). Crystals of purified T. maritima UvrA Δ117-399 (14.83 mg/mL) were prepared using the sitting drop
vapor diffusion method by mixing 0.1, 0.2, or 0.4 μL of the protein solution (20 mM HEPES-NaOH, pH
7.0, 1 M NaCl, 50 mM Arg, 50 mM Glu, 1 mM DTT, 1 mM ATP, 2 mM MgCl2) and 0.2 μL of the reservoir
solution from a ComPAS screen (Qiagen; 100 mM HEPES-NaOH, pH 7.5 and 22 w/v PEG 3350).
Crystals were flash frozen in liquid nitrogen after a short wash (<5 minutes) with a cryoprotecting solution
(20% glycerol, 20 mM HEPES-NaOH, pH 7.0, 1 M NaCl, 50 mM Arg, 50 mM Glu, 1 mM DTT, 1 mM ATP,
24 w/v PEG 3350, 100 mM HEPES-NaOH, pH 7.5) within 2 weeks.

A1.6.1.4.4.

Data collection and structural analysis

Diffraction data was collected at the Brookhaven National Laboratory on the Bl-12 line by Vivian
Stojanoff, PhD (Physicist, National Synchrotron Light Source II) using a wavelength of 0.97946 Å.
Diffraction data was reduced to a C121 space group, with the following cell parameters: a = 143.134 Å, b
= 81.379 Å and c = 90.416 Å, α = 90°, β = 125.3°, γ = 90° using HKL2000 (Otwinowski & Minor, 1997).
Matthews analysis revealed one protein unit in the asymmetric unit (Vm = 3.06 A3/Da). The structure was
determined to a resolution of 2.0 Å using the following features of the Phenix software suite: molecular
replacement, using the four UvrA domains in PDB 3UX8 as search models, and crystallographic
refinement (Phenix.refine) (Adams et al., 2013; Echols et al., 2014; Headd et al., 2014). Nucleotides were
built in the electron density by hand using the molecular visualization program COOT (Emsley et al.,
2010). The final model of T. maritima UvrA Δ117-399 includes residues 1-60, 69-117 and 399-916. The
model has an R-factor of 17.78% and an R-free of 20.79%.
Structural analysis of the ATPase sites was performed in PyMol (The PyMOL Molecular Graphics
System, Version 2.0 Schrödinger, LLC.) and Maestro 11.7 ligand interaction protocol with a 4 Å cutoff
(Schrödinger Release 2018-3: Maestro, Schrödinger, LLC, New York, NY, 2018). A search for PDBs with
similar ABC signature motifs was conducted using ScanProsite (de Castro et al., 2006). The β-hairpin
loop was compared using DynDom (Hayward & Berendsen, 1998).
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A1.6.2. Supplementary figures

Figure A1.S1: Testing for nucleotide contamination in purified UvrA2 protein. Histogram showing
ATP detected in UvrA2 samples by a luciferase-based ATP detection assay (Millipore Sigma) coupled with
pyruvate kinase (PK) and phosphoenolpyruvate (PEP) to convert any ADP present into ATP. (1) buffer
control; (2) ADP (10 pmoles) with PK and PEP; (3, 5) UvrA2 (25 pmoles) purified without heat treatment,
with and without PK and PEP, respectively; (4, 6) UvrA2 (25 moles) purified with a 55 ºC heat treatment
step, with and without PK and PEP, respectively.
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Figure A1.S2: Kinetics of nucleotide binding to wild type (WT) and mutant UvrA 2. (A) UvrA2
structure showing proximal and distal site Walker A (K37, K643) and B (E512, E854) residues,
respectively (PDB code: 2R6F). Nucleotide binding kinetics were measured by increase in mant
fluorescence over time on mixing UvrA2 with varying concentrations of (B) mant-ATP or (C) mant-ADP on
a stopped flow (final concentrations: 0.1 μM UvrA2 and 2.5, 5 and 10 μM mant-ATP or mant-ADP); traces
shown for WT UvrA2. The time traces fit to a single exponential yield rates that depend linearly on (D)
mant-ATP and (E) mant-ADP concentration and provide comparable bimolecular binding rate constants
for WT and mutant UvrA2, except K643AUvrA2 which does not exhibit any binding at the highest
concentrations tested (see Figures A1.2, A1.3 and Table A1.1). (F) Nucleotide binding stoichiometry was
measured by FRET on titrating UvrA2 or K643AUvrA2 (3 μM) with increasing concentrations of mant-ADP (0
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- 10 μM; see Figure A1.2). With wild type protein, the increase in FRET yields a binding isotherm with an
inflection point of 6 μM (2 mant-ADP per UvrA2 dimer), whereas with distal site Walker A mutant, a small,
linear increase in FRET over the same concentration range indicates weak/non-specific mant-ADP
binding.
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Figure A1.S3: (A) The structure of T. maritima Δ117-399 UvrA2. The UvrA2 dimer, component domains,
ADP, and path of DNA are depicted using the same coloring scheme as in Figure A1.1B. (B)
Conformational heterogeneity in the β-hairpin of signature domain II as seen in various crystal structures
of UvrA2. The signature-II domains of each UvrA2 ortholog are shown in color: G. stearothermophilus,
purple (PDB entry = 2R6F) (16), T. maritima Δ117-399, pink (PDB entry = 6N9L), and T. maritima
complex with DNA in green (PDB entry = 3PIH) (8). Movements of the signature-II domains are
demonstrated in both top- and sideviews of UvrA2 (highlighted by the different positions of the Zinc atoms)
and show the β-hairpin of T. maritima UvrA2 Δ117-399 occupying an intermediate position (movement
and rotation from DynDom are reported). Other segments of UvrA2 are shown as a faded white surface.
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Figure A1.S4: Analysis of UvrA2 ATPase kinetics. (A) A calibration plot of MDCCPBP fluorescence
versus Pi concentration used to determine the amount of Pi produced in the ATPase experiments. (B)
Pre-steady state kinetics of ATP hydrolysis and Pi release were measured by mixing increasing
concentrations of UvrA2 and MDCCPBP reporter with ATP on a stopped-flow (final concentrations: 0.125 - 2
μM UvrA2, 1 mM ATP and 15 μM MDCCPBP). All traces – from the UvrA2 titration shown here and the ATP
titration (10 μM - 2 mM ATP) shown in Figure A1.5 – were fit to the kinetic mechanism in Scheme A1.1
using KinTek Explorer; Scheme A1.1 is repeated here for reference. The fits are shown as dashed lines
in the graph and the burst of Pi/ UvrA2 at each UvrA2 concentration is listed. (C) FitSpace Explorer was
used to derive confidence contours for the four unknown rate constants obtained from the fit, k1 (linked
with k-1, k2, k-2), k3, k4 and k5, which determined the extent to which each rate can vary while producing a
good fit (5). The plots represent the χ2 variation for each pair of rate constants. The red zone shows that
each pair is well constrained to a local minimum. A 5% increase in χ2 values, depicted by the yellow zone,
was used to determine the upper and lower confidence limits on each rate shown in Table A1.2.
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Interestingly, k3 and k5 appear linearly correlated, which suggests that a constant factor in the mechanism
governs ADP formation (k3) release (k5) at the distal site. (D) Comparison of three fits to the Pi release
data (2 μM UvrA2, 1 mM ATP): (i) a double exponential+linear function, which yielded initial estimates of
rate constants, (ii) Scheme A1.1 (as in panel B), and (iii) Scheme A1.1-alt, in which steps 3 and 4 (ATP
hydrolysis and Pi release) were consolidated into one step. As observed on the expanded 1 second time
scale, Scheme A1.1-alt does not yield a good fit, especially for the lag phase, confirming the need for two
intermediate steps between ATP binding and steady state turnover in the minimal model (Scheme A1.1).

Figure A1.S5: ATP binding at distal sites, but not ADP, stimulates proximal site ATPase activity.
Pre-steady state kinetics of Pi release were measured by mixing UvrA2, -/+ ADP and MDCCPBP reporter
with ATP on a stopped-flow (final concentrations: 0.25 μM UvrA2, 0 - 10 μM ADP, 1 mM ATP and 15 μM
MDCCPBP).

(A) For wild type UvrA2, the burst is lost at low ADP concentrations sufficient to occupy the

distal but not proximal sites, confirming that distal sites catalyze rapid ATP hydrolysis and Pi release in
the absence of DNA. Also, the slow steady state rate indicates low level proximal ATPase activity when
the distal sites are ADP-bound. (B) As seen in Figure A1.5, the distal site Walker B mutant E854AUvrA2
exhibits a lag followed by a stimulated ATPase rate, indicating that nucleotide binding to distal sites
stimulates proximal site activity (the distal site Walker A mutant K643AUvrA2 has low ATPase activity and is
shown for comparison). Preincubation of E854AUvrA2 with ADP lengthens the lag phase followed by
recovery of the stimulated rate, indicating that the ADP pre-bound at distal sites must be replaced by ATP
to stimulate proximal site activity.
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Figure A1.S6: Interaction between UvrA2 and DNA. Binding of (A) Fluorescein mid-labeled lesion DNA
and (B) 6-FAM 5´ end-labeled undamaged (native) DNA to UvrA2 was measured under equilibrium
conditions (final concentrations: 0 - 250 nM UvrA2, 7.5 nM DNA). Fluorescence anisotropy of the DNAs
increases with UvrA2 concentration, and the resulting binding isotherms show that UvrA2 binds the lesion
with 4-fold higher affinity than native DNA (KD = 12 ± 2 nM versus 45 ± 7 nM, respectively); error bars
report standard error of the mean (N = 3).
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Figure A1.S7: Interaction between UvrA2 and DNA does not alter nucleotide binding. Nucleotide
binding kinetics were measured by increase in mant fluorescence over time on mixing UvrA2 with (A)
mant-ATP or (B) mant-ADP in the presence of undamaged or lesion DNA (final concentrations: 0.1 μM
UvrA2, 0.2 μM DNA, 10 μM mant-ATP or mant-ADP). The binding rates for are comparable to those in the
absence of DNA (see Figure A1.S2 and Table A1.1).
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Table A1.S1: Data collection and refinement statistics. Resolution was determined using CC0.5>0.5.
Density for residues 61-68 was missing.
T. maritima UvrA Δ117-399 (molecular
replacement)
Data collection
Space group

C121

Cell dimensions
a, b, c (Å)

143.134, 81.379, 90.416

α, β, γ (°)

90.000, 125.301, 90.000

Wavelength

0.97946

Highest resolution shell

2.082-2.01

<I/sig> all data (highest resolution shell)

8.42 (1.09)

Completeness (%) (highest resolution shell)

91.81 (81.93)

Average redundancy (highest resolution shell)

3.9 (3.5)

Refinement
Resolution (Å)

2.01 (CC1/2=0.525)

No. reflections (highest resolution shell)

51809 (4575)

Rwork/Rfree

0.1785/0.2079

Number of residues

625

No. atoms
Protein

4881

Ligands

55

Water

463

B-factors
Protein

40.57

Ligands

32.87
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Water

41.59

Average

40.58

R.M.S.
Bond lengths (Å)

0.007

Bond angles (°)

1.2.19

Ramachandran plot
Favored

95.17

Allowed

4.51

Outliers

0.32

PDB code

6N9L
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Table A1.S2: ATPase site alignment of available UvrA structures. All structures were aligned using
the Walker A motif of 2R6F as the target and the “align” function in PyMol. The resulting RMSD is
reported for both proximal and distal site Walker A motifs.
Proximal
Proximal

Walker

Distal
Proximal

Walker

Distal

A

RMSD

residues

(Å)

Distal site
Organism

PDB

site

A

RMSD
nucleotide

nucleotide

residues

(Å)

aligned

aligned

G.
2R6F

ADP

31-39

Target

ADP

637-645

Target

3UWX

None

31-39

0.232

None

637-645

0.141

3UX8

None

31-39

0.346

ADP

637-645

0.235

T. maritima

3PIH

PPV

31-39

0.603

PPV

617-625

0.222

T. maritima

6N9L

ADP

31-39

0.213

ADP

617-625

0.220

M. tuberculosis

3ZQJ

None

32-40

0.393

None

654-662

0.288

D. radiodurans

2VF7

ADP

43-51

0.256

ADP

530-538

0.371

D. radiodurans

2VF8

ADP 43-51

43-51

0.288

ADP

530-538

0.430

stearothermophilus
G.
stearothermophilus
G.
stearothermophilus
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